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TA-I INTRODUCTION AND BACKGROUND 

TA-1.1 PURPOSE OF THE PATHWAY REPORT 

The purpose of the Actinide Migration Evaluation (AME) Pathway Report is to provide a 

quantified analysis of the processes that impact movement of actinides in the environment at the 

Rocky Flats Environmental Technology Site (RFETS or Site). Actinides, for the purposes of this 

study, refer to plutonium (Pu), americium (Am) and uranium (U). 

Evaluation of remedial alternatives for actinide contamination at RFETS must consider 

migration and mobility along available environmental pathways. Major transport pathways 

addressed in this study include air, surface water, groundwater and biota. The analysis 

investigates the physical and chemical interactions between the pathways as well as processes 

involving surrounding environmental media, including surface soils, sub-surface soils and 

sediments. The ultimate objective of the study is to quantitatively compare and rank the various 

pathways in terms of total actinide loads transported off-Site for a given time period. 

This report expands upon the pathway analysis work addressed by the AME Conceptual Model 

document written in 1998 (Kaiser-Hill, 1998; see Section TA-1.4). The Conceptual Model was 

developed to address the AME goals outlined in Section TA-1.3 with the understanding it would 

be revised and formally updated as new data are obtained by the AME Group. 

TA-1.2 REPORT ORGANIZATION 

The Pathway Report is presented in two documents, a Summary Report and a Technical 

Appendix. The Summary Report provides a condensed review of the major topics and findings 

presented in the Technical Appendix. The Technical Appendix presents detailed discussions, 

calculations and literature references to support subjects addressed in the Summary Report. 
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Technical Appendix headings, table and figure numbers are all preceded with a “TA” to clarify 

the organization of the Pathway Report. The Technical Appendix is organized in the following 

manner: 

Section TA-1 presents background information on the development of the Pathway Report, 

pertinent regulatory issues and general information on the physical characteristics of the Site; 

Section TA-2 presents measured actinide data for RFETS environmental media. Data are 

presented on related “background” actinide levels in the environment and regulatory limits 

for different media. Section TA-2 is a presentation of measured Site data without 

interpretation; 

Section TA-3 addresses Pu, Am and U geochemical transport processes; 

Section TA-4 provides an analysis of actinide transport pathways using measured data only; 

Section TA-5 provides an analysis of actinide transport pathways using measured data 

combined with modeled data. Models provide data for actinide transport pathways where 

measured data are not available; 

Section TA-6 provides model results of actinide transport for hypothetical extreme 

environmental conditions; 

Section TA-7 presents the summary, conclusions and implications for Site closure. 

TA-1.3 ACTINIDE MIGRATION EVALUATION PROGRAM 

The AME group was established in 1996 to provide guidance at RFETS on issues of actinide 

behavior and mobility in surface water, groundwater, air, soil and biota (Kaiser-Hill, 2000a). 

The AME activity at RFETS brings together investigations, management and external advisory 

personnel to facilitate integration and review of RFETS remediation, D&D, monitoring and 
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project planning. Where appropriate, the external advisory team identifies research, techniques 

and approaches that can be used to solve short- and long-term issues. The external advisory 

team covers a broad range of relevant expertise and the advisors are explicitly independent of 

RFETS-funded projects on AME. Knowledge garnered by the AME group is used to help 

characterize current RFETS environmental conditions and to recommend a path forward for 

long-term protection of surface water quality during and after Site closure. Long-term protection 

of surface water quality at the Site is specified in the Rocky Flats Cleanup Agreement 

(RFCA)(see Section TA-1.5). Specifically, the goals of the AME are to answer the following 

questions in the order of urgency shown (Kaiser-Hill, 2000a): 

0 Urgent: What are the important actinide migration sources and migration processes that 

account for surface water quality standard exceedances? 

0 Near-term: What would be the impacts of planned remedial actions on actinide migration? 

To what level do sources need to be remediated to protect surface water from exceeding 

action levels for actinides? 

Long-term: How will actinide residual contamination and migration affect surface water 

quality and Site stewardship after closure? 

TA-1.4 CONCEPTUAL MODEL FOR ACTINIDE TRANSPORT 

The Conceptual Model for Actinide Migration Studies at the Rocky Flats Environmental 

Technology Site report was written as an initial effort to provide a qualitative understanding of 

the relationship between actinide sources and transport pathways at RFETS (Kaiser-Hill, 1998). 

Physical aspects of the Site, including surface and subsurface geology, soils, hydrology and 

meteorology were discussed in terms of their impact on actinide fate and transport. 
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As noted in the Conceptual Model report, the transport of actinides in the environment involves 

complex chemical and physical processes dependent on the type and source of the actinide as 
well as the influence of the surrounding environmental media. To facilitate understanding the 

potential routes for actinide transport at RFETS, a graphic depiction of the multiple potential 

actinide transport pathways was included in the Conceptual Model Diagram (see Figure TA-1-1). 

Further detail on suspected major and minor pathways and their variability with different 

actinides was also diagrammed in the Conceptual Model. These more detailed conceptual 

pathway schematics are presented in Section TA-4. They provide an initial model to be tested 

and expanded upon by the pathway analysis described in this report. 

TA-1.5 REGULATORY FRAMEWORK 

The RFCA Action Level Framework (ALF) sets forth standards and action levels for 

environmental media (DOE, 1996). These standards and action levels incorporate the RFCA 

vision and land- and water-use controls in the RFETS cleanup. Surface water action levels for 

Point of Evaluation (POE) monitoring locations and standards for Point of Compliance (POC) 

monitoring locations, are 0.15 picocuries per liter (pCi/L) for both Pu and Am. These standards 

and action levels are based upon human health risk based on ingestion of surface water ,over a 

30-year period. 

The Site's surface water quality standard for total U is currently set at 10 pCi/L for Walnut Creek 

and 11 pCiL for Woman Creek based on ambient levels in Site surface waters. In comparison, 

the Environmental Protection Agency (EPA) promulgated a total U Maximum Contaminant 

Level (MCL) of 30 micrograms per liter ( p a )  for drinking water on December 7,2000 (Federal 

Register, 2000). The ruling noted that treating drinking water to below 20 pg/L was not 

considered feasible. Converting mass to activity, the 30 pg/L total U MCL corresponds to a total 

U activity of approximately 20 pCi/L using the isotopic proportions typically found in surface 

water at RFETS. Measured total U concentrations in surface water at RFETS from Water Years 
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1997 through 1999, at POE and POC monitoring stations, averaged approximately 2 to 5 pg/L or 

roughly one order of magnitude less than the recently established MCL for drinking water. 

The RFCA soil action levels (Section TA-3.3.2) do not take into account the transport of soil 

containing actinides to surface water. This is because it was assumed, when the soil action levels 

were calculated, that there would be no consumption of groundwater or surface water (Rocky 

Mountain Remediation Services [RMRS], 1997). The soil radionuclide action levels must be 

assessed for long-term protectiveness of surface water. The RFCA states “protection of surface 

water uses with respect to the long-term Site condition will be the basis for making soil and 

groundwater remediation and management decisions and that additional groundwater or soil 

remediation or management may be required for the protection of surface water quality or 

ecologcal resources (DOE, 1996).” 

TA-1.6 BACKGROUND SITE DESCRIPTION 

TA-1.6.1 General Site Description 

RFETS is located 16 miles northwest of Denver in Jefferson County, Colorado. Owned by the 

United States Department of Energy (DOE), the former nuclear weapons facility encompasses 

approximately 6,550 acres of federally owned land (Figure TA-1-2). Major plant structures, 

including all former production buildings, are located within a centralized 385-acre Industrial 

Area that is surrounded by a 6,165-acre Buffer Zone (EG&G, 1993a). From its first construction 

in 1951, the Site evolved into a complex of over 440 permanent and temporary structures used as 

manufacturing, chemical processing, laboratory, support and administrative facilities (DOE, 

1995). Production operations occurred from 1952 until 1989, at which time RFETS was added 

to the Comprehensive Environmental Response, Compensation and Liability Act (CERCLA) 

National Priorities List for environmental cleanup. Site-specific regulatory requirements for 

remediation and closure were established in 1995 when RFCA was signed by the DOE, EPA and 

Colorado Department of Public Health and Environment (CDPHE) (DOE, 1996). 
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The plant produced components for nuclear weapons made from Pu, U, beryllium and stainless 

steel. Other production activities included chemical recovery and purification of recyclable 

transuranic radionuclides, metal fabrication and assembly and related quality control functions. 

The plant conducted research and development programs in metallurgy, machining, 

nondestructive testing, coatings, remote engineering, chemistry and physics. Parts manufactured 

at the Site were shipped to other locations for final assembly. 

Site operations generated solid and liquid nonhazardous, hazardous, radioactive and mixed 

(hazardous and radioactive) waste streams. These wastes have been handled and disposed of in a 

variety of ways. Solid nonhazardous and nonradioactive wastes are recycled, stored on Site, or 

shipped off Site for recycling, treatment or disposal. 

TA-I .6.2 Climate 

Basic climatological information, including general descriptions of precipitation, temperature 

and wind patterns, is pertinent to understanding the hydrologic setting and actinide migration 

potential of environmental media at RFETS (RMRS, 1997). For example, precipitation amount, 

frequency, intensity and seasonality (combined with air temperatures, humidity and wind 

conditions) influence the erosion potential due to wind and water, groundwater recharge and 

evapotranspiration. 

The RFETS climate is temperate and semiarid, characteristic of Colorado’s Front Range. The 

dry atmosphere of the Site at 1,830 meters (m) (6,000 foot [ft]) elevation above mean sea level 

(MSL) often causes wide temperature fluctuations between daytime and nighttime. Summer 

high temperatures are typically in the upper-20 degrees Centigrade (“C)(equivalent to mid-80 

degrees Fahrenheit [OF]), with nighttime lows falling to approximately 16°C (60°F) (EG&G, 

1993b). During the winter, temperatures typically range from 4°C to 7°C (40°F to 45°F) during 

the day and -9OC to -4°C (15°F to 25OF) at night. Arctic and Siberian air masses occasionally 
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bring frigid air during the winter when low temperatures may drop to between -21°C and -24°C 

(-5°F and -12°F) (EG&G, 1993b). 

a 
Precidtation 

The average annual precipitation based on 30 years of record is approximately 368 millimeters 

(mm) (14.5 inches [in]) (DOE, 1995). Roughly half of the precipitation occurs as rain and half 

as snow, with precipitation falling primarily as snow from late October through early April and 

as rain during the remaining months (RMRS, 1997). Annual snowfall averages approximately 

1,778 mm (70 in), with the highest monthly snowfall average (approximately 406 mm [16 in]) 

occurring in March (EG&G, 1993b). Rainfall is highest from April through June, with nearly 42 

% of the average annual precipitation occurring during those months (EG&G, 1993b). The 

average monthly distribution of precipitation, based on data collected at the Site 61-meter 

meteorological tower from 1993 through 1999, is shown in Figure TA-1-3. 

These precipitation data cover the time frame, from Water Year 1997 through 1999 (October 

1996 through September 1999), during which the surface water actinide data presented in 

Section TA-2 were collected. This precipitation record was also used to calculate estimated 

erosion rates, presented in Section TA-5, to predict actinide transport in surface water runoff. 

. 

Analvsis of PreciDitation for Water Years 7997 Throuah 7999 

Surface water actinide data from Water Years 1997 through 1999 are analyzed later in this report 

because similar sampling protocols were used at multiple locations throughout the Site during 

this time frame. This allowed for reasonable comparison of data from different sampling 

locations. To determine whether this three-year period of study was relatively wet or dry 
compared to normal, an analysis was performed to compare RFETS precipitation data with other 

precipitation gages in the region that have longer historical precipitation records. 
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I Station 1 NOM Station # 

Monthly total precipitation data were obtained from two sources, the Colorado Climate Center 

(CCC) and the National Climate Data Center (NCDC), for five National Oceanic and 

Atmospheric Adrmnistration (NOAA) monitoring stations (CCC, 2001 and NCDC, 2001). 

These stations, their NOAA station numbers and their data sources are listed in Table TA-1-1. 

These stations were chosen based on their proximity to RFETS, the available period of record 

and, in the case of the Fort Collins station, because previous RFETS studies had used the station 

for comparison. 

Data Source 

Table TA-1-1. NOAA Precipitation Stations Used to Compare with RFETS Data 

Boulder 

Denver 

Fort Collins 

La kewood 

50848 Colorado Climate Center 

52220 National Climate Data Center 

53005 National Climate Data Center 

54762 National Climate Data Center 

Ralston 56816 Colorado Climate Center 

Monthly precipitation records from each of the stations for Water Years 1997 through 1999 were 

plotted against the corresponding monthly precipitation depth measured at RFETS (Figure TA- 

1-4). The Boulder station has the best correlation with the RFETS data (R2 = 0.79), followed by 

the Ralston Reservoir and Lakewood stations. During Water Years 1997 through 1999, the 

Boulder, Lakewood and Fort Collins stations contain a complete data set, while the Ralston 

Reservoir and Denver stations have missing months in their data sets. 

The Boulder station was used as the reference to compare with the RFETS record because it had 

the best correlation with the RFETS precipitation data. The difference in monthly precipitation 

for Water Years 1997 through 1999 with the normal precipitation at the Boulder station was 

plotted (Figure TA-1-5). Normal monthly precipitation depths for the Boulder station are based 
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on a period of record from 1961-1990. Both the Boulder and F2FETS stations followed the same 
e 

trend with Water Year 1999 having the greatest amount of precipitation followed by Water Years 

1997 and 1998. Precipitation at the Boulder station for Water Years 1997-1999 exceeded the 

normal by approximately 490 mm (19.3 in) over the three-year period as shown in Figure TA- 

1-5. The Boulder station record provides a better historical basis than the more limited RFETS 

record to indicate that the three-year period of study, from Water Years. 1997 through 1999, 

received above-normal precipitation. 

Evapotranspiration averages over 400 mm (16 in) per year, creating a water deficit in most years 

(Wright Water Engineers, Inc. [WWE], 1995). Much of the runoff feeding the Site’s drainages 

occurs rapidly, originating from the mainly impervious Industrial Area surfaces (RMRS, 1998). 

RFETS is located in a semi-arid environment. For perspective, evapotranspiration in a humid 

- 

Winds at RFETS are predominantly from the northwest toward the southeast. This wind pattern 

reflects the influence of local terrain combined with prevailing winds from west to east. Winds 

at RFETS average approximately 4 meters per second (ds) (9 miles per hour [mph]), with a 

range from zero (calm) to sustained winds over 18 m/s (40 mph), with gusts to over 45 m/s (100 

mph). Figure TA-1-6 shows the joint wind speed and direction distribution (wind rose) for 1999. 

Wind speed data for 1997,1998 and 1999 were used to develop models, presented in Section 

TA-5 that forecast actinide transport via the air pathway. 

RFETS is noted for the periodic occurrence of strong, gusty winds, which can be an important 

factor in the resuspension of soil and actinides. Higher wind speeds may be associated with 

thunderstorms and the passage of weather fronts, while the highest wind speeds typically occur 

with storms from the west called Chinooks (EG&G, 1993b). These windstorms occur from late 

April2002 
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November into April, but reach their height around January in most years. Chinook winds occur 

when air masses are forced over the Continental Divide. The air masses warm and dry out, as 
they compress on the eastern side of the mountains. The steep-sided canyons along the Front 

Range tend to channel the airflow, which also contributes to high wind speeds. 

Other flow patterns also occur at RFETS. Moderately strong winds from the north or from the 

south are common in winter and summer, respectively. During periods of atmospheric stability, 

when regional flow patterns are weak, thermally driven upslope and downslope flow 

predominates, with downslope flow at night and upslope during the day. Winds from the east 

can also occur following frontal passages. These upslope events may be associated with heavy 

snowfall or other precipitation. A more detailed summary of the climatology and meteorology at 

the Site is provided in the RFETS Historical Datu Summary (Aerovironment, 1995). 

TA-1.6.3 Geology 

The Site is situated approximately two miles east of the Front Range of Colorado, on the western 

margin of the Colorado Piedmont section of the Great Plains Physiographic Province (Spencer, 

1961). Geologic units at RFETS can be grouped into two general categories: unconsolidated 

surficial deposits and underlying consolidated bedrock (RMRS,  1999a). The surficial geologic 

unit has a relatively shallow agricultural soil horizon that developed by in situ weathering 

processes andor erosion of the geologic units. Soils information is important for understanding 

actinide transport based on microbiologic processes, water balances, vegetation, erosion, 

infiltration and runoff all of which impact actinide transport and vary with different soil 

environments. An understanding of the Site geology is necessary when discussing contarninant 

transport because of the sub-surface pathways that may exist. General descriptions of the soils 

and major geologic units at RFETS are provided in the following sections. 
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The United States Department of Agriculture (USDA) Soil Conservation Service (SCS) 

developed map unit models on aerial photographs to reasonably predict the types of soils that 

have formed near the surface on the geologic units in the area. The boundaries of the soil map 

units were refined and the map unit models were tested by digging test pits and recording the 

characteristics of the soil profiles (EG&G, 1995b). A soils map for the Site is presented in 

Figure TA- 1-7. 

The RFETS geologic map units are described in the Geologic Characterization Report for the 

Rocky Flats Environmental Technology Site, Final Report, Volume I of the Sitewide Geoscience 

Characterization Study (EG&G, 1995b). The geologic map units are shown in Figure TA-1-8. 

A comparison between the agricultural soils map (Figure TA-1-7) and the geologic map (Figure 

TA-1-8) illustrates the relationship between agricultural soils and geologic map units. Generally, 

there are four agricultural soil types at RFETS that are associated with the geologic units as 

@ follows: 

Pediment (flat upland areas) soils are located on the broad, dissected, eastward-sloping 

pediment surface in the western portion of the Site. These soils are associated with the 

Rocky Flats Alluvium (Qrf) geologic map unit; 

Valley slope soils are located in the stream-cut valleys of the intermittent Rock Creek, 

Walnut Creek and Woman Creek drainages. These are associated with the Laramie 

Formation (KI), Arapahoe Formation (Ka) and Landslide (Qls) geologic map units; 

Hilltop soils of the eastern third of RFETS are similar to valley slope soils and are associated 

with the Laramie (KI) and Arapahoe (Ka) Formations. Localized areas on hill summits are 

associated with Terrace Alluvium (Qta); and 

Drainage bottom soils form in recent alluvium (Qa) along drainage bottoms. 
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Unconsolidated Surficial Deposits 

Approximately 99 % of the Site is covered with surficial deposits that include artificial fill, 

colluvial, landslide and alluvial deposits. A generalized stratigraphic cross-section, including 

unconsolidated and consolidated layers, shows the vertical sequence of geologic units (Figure 

TA- 1-9). 

Surfcial deposits range in thickness from zero to 30.5 meters (0 to 100 feet) (EG&G, 1995b). 

The unconsolidated surficial deposits, combined with the weathered portion of subcropping 

bedrock formations, have the greatest importance regarding groundwater flow and contaminant 

transport at the Site (Rocky Mountain Remediation Services [RMRS], 1999). Further detail on 

the various types of surfkial deposits found at RFETS is provided below. 

Artificial Fill Materials 

These materials are present across the Site including road and railroad embankments, earth dams 

and other engineered fills, as well as compacted and uncompacted landfills and spoil piles along a 
some of the irrigation ditches. The artificial deposits are commonly less than 3.05 meters (10 

feet) thick, although some of the earth dams and landfills are greater than 9.1 meters (30 feet) 

thick. Most of these deposits are relatively impermeable and restrict groundwater flow (EG&G, 

1995~). 

Colluvial DeDosits 

This material covers the steep hill slopes in the incised stream drainages (EG&G, 1995b). These 

middle Pleistocene to Holocene deposits were derived from older alluvial units and bedrock and 

were deposited by sheet wash and soil creep. Colluvial deposits range in thickness from 0.9 to 

4.6 meters (3 to 15 feet). Lithologically, the colluvium consists of silty sand, sandy silt, clayey 

silt and silty clay with pebbles and cobbles. These deposits are typically poorly sorted and 

. 
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poorly stratified. Colluvial deposits are variably saturated and colluvial groundwater tends to 0 
flow downslope following paleogullies developed on the bedrock surface. 

Landslide Deposits 

These deposits are present along the steep hill slopes in the incised drainages (EG&G, 199%). 

These middle Pleistocene to Holocene deposits include earth flows, earth slumps, debris flows, 

debris slumps, rock-block slides and complex landslides. These deposits range in thickness from 

3 to 30.5 meters (10 to 100 feet). Landslide scarps are present in all of the drainages in the map 

area and are most numerous in the Rock Creek drainage (EG&G, 1995b). Landslides are 

commonly located downgradient from alluvial or bedrock groundwater discharge areas. 

Groundwater discharge increases the saturation within downgradient soils, leading to failure of 

the material. 

Alluvial Deposits 

0 Alluvial deposits have been mapped in floodplains, stream channels and terraces along the 

drainages across the Site and include valley-fill alluvium, undifferentiated alluvium and Rocky 

Flats Alluvium. Valley-fill alluvium includes the Pleistocene Louviers, Broadway and pre-Piney 

Creek Alluvium and the Holocene Piney Creek and post-Piney Creek alluvial units. Valley-fill 

alluvium consists of channel and terrace deposits in and along most of the ephemeral streams 

that cross the Site (EG&G, 1995b). 

Valley-fill alluvium ranges in thickness from 3 to 12.2 meters (10 to 40 feet) and is variably 

saturated. The valley-fill alluvium is permeable and may provide preferential pathways for 

groundwater migration. Undifferentiated alluvial deposits include the Pleistocene Slocum 

Alluvium and Verdos Alluvium of Shroba and Carrara (1994). These units form small remnants 

of pediment or terrace deposits primarily in the southeastern portion of the RFETS. The 

undifferentiated alluvial deposits range in thickness from 1.5 to 6.1 meters (5 to 20 feet), but this 

unit is not a significant component of the hydrologic system on the Site (EG&G, 1995~). 
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The Rocky Flats Alluvium caps the pediment at the Site. These Pleistocene sediments were 

deposited as alluvial fans along the eastern edge of the Front Range. The deposit diminishes 

from west to east with thicknesses ranging from approximately 30.5 to less than 0.3 meters (100 

to less than 1 foot). In the central portion of the Site the deposit is approximately 35.1 to 7.6 

meters (15 to 25 feet) thick (RMRS, 1999). Thicker deposits correspond to paleoscours and 

thinner deposits occur along the crests of paleoridges. Groundwater flow within the Rocky Flats 

Alluvium is influenced by the topography of the underlying bedrock surface (paleotopography), 

the geometry and lithology of alluvial lithofacies and the regional hydraulic gradient. 

Consolidated Bedrock Denosits 

Bedrock from the Arapahoe, Laramie, Fox Hills and uppermost Cretaceous Pierre Formations 

are present at RFETS (Figure TA- 1-9) (EG&G, 199%). Further detail on these bedrock 

deposits is provided below. 

Arapahoe Formation 

The Arapahoe Formation is composed of claystone and silty claystone with lenticular sandstone 

in the basal portion of the formation. The Arapahoe Formation is generally less than 7.6 meters 

(25 feet) thick at the Site, occurring as erosional remnants of fine-grained sandstone above the 

Laramie Formation at various locations on the Site (EG&G, 199%). This basal Arapahoe 

Formation sandstone, which is currently defined as the No. 1 Sandstone, is of concern as a 

potential contamination pathway, especially where it subcrops beneath the alluvialhedrock 

unconformity. 

Laramie and Fox Hills Sandstone Formations 

The Laramie Formation is approximately 180 to 245 meters (590 to 800 feet) thick and is 

composed of a lower sandstone/claystone/coal interval and an upper, thick claystone interval. 

Within the upper claystone interval, thin, lenticular sandstone lenses occur (EG&G, 1991). The 

discontinuous nature.of these sandstone lenses coupled with the large claystone layer that 
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encloses them mitigates their potential for transmitting groundwater contamination in both 

horizontal and vertical directions. 

The Fox Hills sandstone is primarily fine-grained sandstone with thin siltstone and claystone 

interbeds and an approximate thickness of between 20 and 40 meters (65 and 130 feet) 

contamination (Figure TA- 1-9). The Fox Hills sandstone crops out and subcrops along a 

narrow, north-south trending pattern in the extreme western part of the Site, upgradient from 

known sources of (EG&G, 1995b). 

The regonally-important Laramie-Fox Hills aquifer is composed of the permeable lower unit of 

the Laramie Formation and the underlying Fox .Hills Sandstone (Robson, 1983). This aquifer 

system is an important water source in the South Platte River Basin and is the sole water supply 

for some residents in the RFETS area (Rocky Mountain Remediation Services, 1999a). This 

aquifer lies approximately 180 to 275 meters (590 to 900 feet) below the Industrial Area and is 

protected from Site contamination by the intervening Laramie Formation claystones (EG&G, 

1995b). 

Pierre Formation 

The Pierre Formation is a 7,500-foot thick, dark gray, silty bentonitic shale that acts as a lower 

confining layer for the Laramie-Fox Hills aquifer in the Denver Basin, This thick marine shale 

unit subcrops only in the extreme westem part of the Site (RMRS, 1999). 

Structural Features 

The Site is located along the western margin of the Denver Bas'in, an asymmetric basin with a 

steeply east-dipping western flank and a gentle eastern flank. The interpretation of the 

subsurface structure is generalized in the west-east generalized geological cross section of the 

Site area presented in Figure TA-1-10. A monoclinal fold limb exposed west of the Site is the 

most significant surficial structural feature in the Site area. Along the west limb of the fold, an 
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angular unconfomity exists between the Upper Cretaceous bedrock and the base of the 

Quaternary Rocky Flats Alluvium. 

No active faults have been identified at the Site. Several high-angle bedrock faults have been 

inferred to exist in the Industrial Area based on various stratigraphic and borehole correlation 

criteria. These faults appear to have only a limited hydrologic significance with regard to 

vertical groundwater movement and contaminant transport (RMRS, 1996). 

TA-I .6.4 Hydrogeology and Geochemistry 

Hvdrostratiqraohv and Hydraulic Conductivities 

Shallow groundwater flow systems at RFETS have been categorized into two hydrostratigraphic 

units based on contrasts observed between groundwater geochemistry, core logging and 

hydraulic conductivity determinations (EG&G, 1995b). These are generally referred to as the 

upper hydrostratigraphic unit (UHSU) and lower hydrostratigraphic unit (LHSU) and are 

described in detail in the Hydrogeologic Characterization Report for RFETS (EG&G, 1995b). 

General descriptions of the UHSU and LHSU are provided in the following subsections. 

Umer Hvdrostratiaraphic Unit 

UHSU Hydrostratigraphy. The UHSU has many subunits, of which two are primarily 

important: the surficial deposits (unconsolidated materials) and the weathered bedrock in 

hydraulic connection with the overlying unconsolidated surficial deposits or with the ground 

surface. The degree of hydraulic communication between the UHSU subunits varies with the 

permeability of the units. The relative amount of hydraulic communication between the UHSU 

subunits is much greater than that between the UHSU and LHSU, which is the basis for 

including portions of the weathered bedrock in the UHSU (EG&G, 1995b). 

The UHSU is comprised of several distinct lithostratigraphic units. These include the alluvium 

(including Rocky Flats Alluvium), colluvium and landslide deposits; weathered portions of the 
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Rocky Flats Alluvium 

Colluvium 

Cretaceous Arapahoe and Laramie Formations; and all sandstones within the Arapahoe and 

2.1 x lo4  66 

93 x l o 5  29 

Laramie Formations that are in hydraulic connection with the overlying, surfkial deposits or the 

ground surface (EG&G, 199%). On the west side of the Site, the UHSU may also include 

weathered portions of the Cretaceous Pierre Shale and Fox Hills Sandstone. 

Weathered Laramie 

UHSU Hydraulic Conductivities. The UHSU at the Site has a relatively low to moderate 

hydraulic conductivity that typically yields small amounts of water to groundwater monitoring 

wells. The UHSU exhibits a wide range of hydraulic conductivities because of the diverse nature 

of the individual geologic units that comprise this unit. 

0.8 x 10-7 0.3 

The relative ranking of individual UHSU units are listed in Table TA-1-2 in order of decreasing 

geometric mean hydraulic conductivity (RMRS, 1999): 

Table TA-7-2. Hydraulic Conductivity of UHSU Units 

Hydraulic Conductivity * 

in centimeters per second 

I Weathered Laramie I 3.9 x lo5 I 12 I 

Lower HvdrostratiaraDhic Unit 

LHSU Hydrostratigraphy. The LHSU is comprised of all.lithostratigraphic units in the 

unweathered portions of the Arapahoe and upper Laramie Formations, except for subcropping 

sandstones at the alluvialhedrock unconfomity (EG&G, 1995b). In general, saturated 
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sandstones that lie within unweathered claystones and siltstones of the Arapahoe or Laramie 

Formations are confined units. These sandstone units are not interpreted as being directly 

interconnected and each may act as an isolated hydrostratigraphic unit. In addition, recharge to 

these units occurs through the confining claystone and siltstone units. Therefore, all 

unweathered bedrock is considered part of the LHSU (EG&G, 1994 and 1995b). The LHSU 

forms a thick (over 100 meters (several hundred feet)), regionally extensive confining layer that 

serves to isolate shallow groundwater from the underlying Laramie-Fox Hills aquifer ( R M R S ,  

1996). 

LHSU Hydraulic Conductivities. Hydraulic conductivities for LHSU materials are generally 

significantly lower than those of the overlying unit with geometric mean values for individual 

lithologic groups ranging from 1.6 x 
permeability and +18O-meter (+590-foot) thickness of the upper Laramie Formation claystones 

act as effective aquitards that restrict downward vertical groundwater flow and contaminant 

transport to the Laramie-Fox Hills aquifer (RMRS, 1999). 

to 5.8 x loe7 cdsec (EG&G, 199%). The low 

Groundwater Occurrence and Flow Conditions 

Groundwater Occurrence 

The Site is located in a regional groundwater recharge area (EG&G, 1991). Groundwater is 

found in all geologic units present at RFETS, although not always in predictable amounts and 

availability. Groundwater recharge occurs from the infiltration of precipitation and from stream, 

dtch and pond seepage. Much of the groundwater that discharges from the UHSU to streams 

and seeps evaporates as it is being discharged. Lmited investigation of the former Operable 

Unit 2 (OU 2) area during the period of July through October 1993 indicated that the 

precipitation component of recharge was lost to evapotranspiration demands (EG&G, 1993~). 

In the western part of the Site, where the thickness of the Rocky Flats Alluvium reaches 30.5 

meters (100 feet), the depth to the water table is 15 to 21 meters (50 to 70 feet) below the 
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surface. The depth to water generally becomes shallower from west to east, as the alluvial 

material thins and the confining claystones we closer to the ground surface. At the head of 

stream drainages and along valley sides, seeps are common at the base of the Rocky Flats 

Alluvium where it is in contact with claystones of the ArapahoeLaramie Formations and where 

the Arapahoe Formation sandstone crops out. In general, the unconsolidated surficial materials 

are thicker in the western, higher elevations at the Site. Accordingly, the saturated thickness of 

these materials also thins eastward. The potentiometric surface of groundwater in 

unconsolidated surficial deposits was mapped and is shown in Figure TA-1-11 for the second 

quarter of 1998, a time of year when static water levels are expected to be high. Areas of 

unsaturated and seasonally unsaturated alluvium and colluvium are indicated east and northeast 

of the Industrial Area. 

Groundwater in the Arapahoe Formation sandstone units, which subcrop beneath the alluvial 

material, is not confined when in contact with the surficial materials. In this setting, a hydraulic 

connection exists between the bedrock sandstone and the alluvial material allowing the bedrock 

groundwater to exist under unconfined conditions as part of the UHSU. The subcropping 

Arapahoe Formation No. 1 sandstone, located in the eastern portion of the Industrial Area and in 

the area between South Walnut Creek and Woman Creek, is part of the UHSU (EG&G 1991). 

The upper discontinuous sandstones of the Laramie Formation also subcrop beneath alluvium 

and colluvium but in limited areas in the valleys and along valley slopes. Groundwater in the 

lenticular sandstone units of the Laramie Formation occurs under confined conditions over 

scattered areas of the Site. 

Groundwater levels in UHSU wells fluctuate in response to seasonal recharge events. 

Approximately 15 9% of the groundwater monitoring wells are commonly dry during at least one 

of the quarterly sampling events. Of the remaining wells, approximately half cannot yield 

sufficient water volume (4.5 gallons) necessary for a full suite of laboratory samples. Sampling 

crews must return later, after wells have recovered, to obtain additional sample volumes. 
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The Arapahoe aquifer is one of the primary aquifers in the Denver Basin east of the Site. 

Existing evidence indicates that the Arapahoe Formation at RFETS is not in communication with 

the regional Arapahoe aquifer in the Denver Basin (EG&G, 1995b). 

The Arapahoe Formation is present only at the top of the Rocky Flats pediment and is breached 

by modem streams along the valley slopes. Consequently, the channel deposits within the 

formation are cut off and do not extend eastward into the Denver Basin. The groundwater within 

the channel deposits dlscharge via springs and seeps along the hillsides. Therefore, the 

sandstones of the Arapahoe Formation are not considered primary pathways for off-Site 

groundwater migration. A thorough discussion of the hydrogeologic characteristics of the 

UHSU is included in the Hydrogeologic Characterization Report (EG&G, 1995d). 

The Laramie/Fox Hills aquifer is present at greater depth (approximately 180 to 275 meters (590 

to 900 feet)) below the Site (Robson, 1983). This deeper hydrostratigraphic unit is composed of 

the lower unit of the Laramie Formation and the underlying Fox Hills Sandstone. These units 

subcrop beneath the Rocky Flats alluvium and are locally exposed in gravel quarries near the 

western boundary of the Site. Recharge to the aquifer occurs along this subcrop zone. 

Claystones of the Laramie Formation have very low hydraulic conductivities. In a study of Site 

hydrology, the United States Geological Survey (USGS) concluded the low hydraulic 

conductivities in the Laramie Formation would prevent Site operations from impacting the 

underlying Laramie-Fox Hills aquifer (Hum, 1976). 

Groundwater Flow Conditions 

A conceptual description of unconfined groundwater flow was developed for the Site as part of 

the Well EvaEuation Report (EG&G, 1994). That report described three general zones where the 

characteristics of groundwater flow are distinctive. These zones occupy the western, central and 

eastern portions of the Site. 
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A relatively unbroken topographic slope formed on the Rocky Flats Alluvium characterizes the 

western zone. In this zone, alluvial thickness is greatest, water-level fluctuations are minor and 

the alluvium is rarely, if ever, completely unsaturated. Groundwater in the UHSU flows 

generally east, with slight variations in flow direction occurring along the top of the bedrock 

surface. The predominantly claystone bedrock impedes downward vertical migration of 

groundwater and directs flow laterally. 

The central zone has a gently eastward-sloping topographic surface that is incised by east-west- 

trending drainages. Topographic highs are capped by thick alluvial deposits and flanked by 

colluvium. Water flowing through the capping alluvium follows the bedrock surface and 

emerges at seeps, drains into hillside colluvium, or migrates vertically into lower 

lithostratigraphic units (weathered or unweathered bedrock). The potentiometric surface of 

groundwater in the UHSU generally resembles the ground surface and paleotopographic 

(bedrock) surface. The potentiometric surface slopes gently to the east and more steeply north- 

northeast and south-southeast along hillslopes of the incised drainage valleys. Groundwater 

flows from broad areas of recharge located upgradient and on nearby topographic highs, toward 

the erosional limit of alluvium and then directly toward creeks in incised drainages. 

Groundwater and surface water are in direct connection at seeps and in some alluvial deposits 

along these drainages. In areas of relatively steep topography, baseflow to creeks may occur. 

The paleotopographic surface also plays a role in directing groundwater flow and in the 

development of unsaturated zones in unconsolidated surficial deposits. Channels and 

depressions on the top-of-bedrock surface may act as conduits, or even small basins, for 

groundwater. Surficial deposits on either side of these channels can be drained, or dewatered, by 

flow toward the channel. 

' 

The eastern zone is characterized by relatively flat surface topography, the absence of thick 

alluvial deposits (Rocky Flats Alluvium) and more widespread valley-fill deposits. Thin 

deposits of colluvium generally cover the ground surface. The hydraulic gradients are relatively 

low and groundwater in unconsolidated deposits may not flow directly toward the axes of stream 
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valleys. Baseflow to creeks is probably also diminished relative to the central zone because of 

the lower hydraulic gradients. 

In summary, the direction of groundwater flow in the UHSU is largely controlled by the 

topography of the ground surface and bedrock surface. Both surfaces slope gently to the east and 

are incised by stream valleys. Groundwater generally flows from west to east across the Site 

following the regional topography. The incised valleys in the central area of the Site have 

formed east-west-trending ridges and east-draining valleys. Groundwater in the UHSU generally 

flows to the east along the ridge tops, flows north and south along the valley sides and flows east 

in the valley bottoms (EG&G, 1994 and EG&G, 1995d). The permeability of bedrock units, 

composed primarily of claystone with lesser amounts of siltstone and sandstone, is typically 

several orders of magnitude less than for unconsolidated surficial deposits. The 180+ meters 

(590+ feet) of unweathered bedrock between the shallow groundwater flow system and deep 

regional Laramie-Fox Hills aquifer provide an effective barrier to vertical groundwater and 

contaminant movement. 

Groundwater Interaction With Surface Waters and Soils 

The pattern of seep distribution confirms that seep occurrence is controlled by local geologx 

conditions. Hillside seeps at RFETS are common along the eastern extent of the Rocky Flats 

Alluvium at the contact between the Rocky Flats Alluvium and underlying claystone subcrops. 

In general, seeps occur in greater number and areal extent along the north side of the pediment 

ridges, as observed along South Walnut Creek and Rock Creek. Most seeps are ephemeral in 

nature and only discharge at the ground surface in the spring. Perennial seeps are relatively rare, 

with most located in the Rock Creek drainage. Groundwater seepage also occurs along segments 

of Woman Creek’s stream channel, particularly above the Woman Creek’s stream diversion 

structure at Pond C-2, as determined from a stream gaidloss study (Fedors and Warner, 1993). 

The stream channels of North and South Walnut Creeks are so extensively intempted by 

impoundments that channel seepage measurements have not been made ( R M R S ,  1997). 
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Seep flow data are generally unavailable due to difficulties inherent with measuring broad, 

diffuse sources of dlscharge. The results of an incomplete seepage inventory conducted after the 

1995 spring recharge event in portions of the Woman, Walnut and Rock Creek’s watersheds 

revealed that, of over 200 potential seep areas indicated by wetland vegetation, only 32 had a 

measurable flow and, of these, 14 had flows of one gallon per minute or less (EG&G, 1995d and 

RMRS, 1997). The remaining sites were moist to wet at the ground surface with little or no 

evidence of surface flow. Given the magnitude of the spring recharge event as reflected by Site- 

wide high water table conditions, it is likely that seep flows measured during this time were at or 

near maximum levels. It was commonly observed during this survey that surface flow from 

many ephemeral hillside seeps percolate back into the soil below the discharge point before 

entering a surface water body. Direct contact with surface water may occur during exceptionally 

wet periods because of increased seep flow caused by abnormal water table rises or by mixing 

with surface runoff. 

The most common type of seep develops at the contact between the Rocky Flats Alluvium and 

underlying bedrock claystones. These seeps are thought to be related to preferential flow 

channels in bedrock surface topography andor alluvial stratigraphy (high hydraulic conductivity 

zones) (EG&G, 1995b). In the 903 Pad and East Trenches areas, some seep occurrences have 

been attributed to discharge from the subcropping Arapahoe Formation sandstone, which 

receives recharge from the overlying surfkial deposits (EG&G, 1995b). The most notable 

sandstone seeps in this area include a grouping of seeps situated above the B-1 pond in the South 

Walnut Creek drainage and the 903 Pad hillside seep (Figure TA-1-2). 

Along the north slope of Woman Creek from the 903 Pad eastward to Indiana Street, evidence of 

present-day seep activity is limited primarily to the 903 Pad hillside seep and potentially a few 

scattered small seeps. Periodic activation of a series of presumably old seepage sites located east 

of the 903 Pad have occurred from historic spray evaporation operations conducted at the South 

Spray field; however, these sites have since returned to a dry state following cessation of spray 

field operations. Sites for groundwater interaction with surficial soils and surface water are both 
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limited in extent and predictable based on the high degree of hydrologic control exerted by the 

local geology (RMRS, 1997). 

Groundwater discharge to surface water is presumed to occur along major stream channels, 

although relatively little information is available to evaluate the significance of this interaction. 

Stream gaidloss studies conducted along Woman Creek (EG&G, 1995d) have indicated that the 

flow regime in the upper reaches of the creek (west of the confluence with Antelope Springs 

Creek) tend to be predominantly gaining, while the lower reaches (east of Antelope Springs 

Creek) tend to be predominantly losing. The presence of gaining segments found just upstream 

of Ponds C-1 and C-2 suggests that these impoundments exert a local influence on groundwater 

discharge to surface water in the alluvium. Similar relationships are suspected to occur in the 

Walnut Creek drainage but to an unknown degree because gaidloss stream flow data are lacking 

in this area. It can be assumed, however, that groundwater/surface water interactions are 

potentially more complex in North and South Walnut Creeks because of the influence of plant 

discharges and a more extensive pond system and other stream channel modifications. These 

interactions are potentially meaningful in terms of actinide transport, though it is important to 

recognize the interactions involve only the upper hydrostratigraphic unit and surface water. 

Hydraulic communication from the upper to the lower hydrostratigraphic units is limited 

(EG&G, 1995d). 

Groundwater Geochemistry 

A comprehensive evaluation of groundwater geochemistry at the Site is presented in the 

Groundwater Geochemistry Report (EG&G, 1995~). The study identified four probable 

groundwater flow paths after a review of the potentiometric surface contours for the UHSU 

(EG&G, 199%). Selection of each flow path was made with the assumption that groundwater 

flow is perpendicular to the contours of the potentiometric surface. Major cations and anions in 

the UHSU groundwater are presented using stiff diagrams, based on data collected from 1990 

through 1994, for the Rock Creek flow path (Figure TA-1-12), Industrial Area flow path (Figure 
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TA-1-13), Woman Creek flow path (Figure TA-1-14) and the Southern Area flow path (Figure a 
TA-1-15). The four flow paths selected, from northernmost to southernmost and the 

distinguishing geochemical characteristics of each path are summarized below. 

Rock Creek Flow Path - The Rock Creek Drainage covers the northern portion of the Site’s 

Buffer Zone. This northern Buffer Zone flow path begins northwest of the Industrial Area and 

flows northeast along Rock Creek to the northern boundary of the Site. The flow path length is 

approximately 5 kilometers (km) (3 miles (mi)). Flat areas to the west, several small stock ponds 

within the creek bed and multiple steep gullies and stream channels to the east characterize the 

drainage channel. This basin is hydrologically isolated from the developed areas. 

The Rock Creek flow path is considered to be largely unaffected by historic activities at the Site 

and clearly shows the results of waterhock interaction (EG&G, 199%). Bicarbonate is the 

dominant ion in groundwater along this path. Wells along the Rock Creek flow path exhibit the 

least amount of variability in major ion chemistry (i.e., exhibit the tightest clustering of points of 

the four flow paths). Major ion concentrations at the upstream wells range from approximately 

10 milligrams per liter (mg/L) or less for sulfate, chloride, calcium and sodium up to 100 mg/L 

for bicarbonate. From flow path beginning to end, the concentrations of many major ions 

increase by approximately one order of magnitude. Total Dissolved Solids (TDS) concentrations 

vary from 144 mg/L at the initial well to approximately 1160 mg/L at the most downgradient 

well on the path. 

industrial Area Flow Path - The Industrial Area flow path begins in the West Spray Fields, 

directly west of the Industrial Area and flows eastward through the center of the Industrial Area, 

down South Walnut Creek through the B-Series ponds and on to the Site boundary at Indiana 

Street. The flow path length is approximately 7 km (4 mi). Major ion concentrations at the 

upstream wells range from approximately 10 mg/L or less for sulfate, chloride, calcium and 

sodium up to 100 mg/L for bicarbonate. Similar to Rock Creek, the magnitude of overall 

increase in elemental concentrations is approximately one order of magnitude from the initial to 
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the final wells. Groundwater within the central Industrial Area shows increases in the 

concentrations of some major ions for certain wells. However, groundwater samples from the 

beginning to end of the Industrial Area flow path indicate only equal or less of an increase in ion 

concentrations than were observed along the shorter Rock Creek flow path (EG&G, 199%). 

The major-ion composition of UHSU groundwater also undergoes a change along this flow path. 

Groundwater changes from a calcium-bicarbonate water within the Industrial Area to a mixed 

sodium-bicarbonate/sodium-sulfate water along South Walnut Creek. At the end of the 

Industrial Area flow path, the groundwater is again a calcium-bicarbonate water. The observed 

major-ion variations thus have a limited extent and may reflect inputs from contaminant sources 

in the Industrial Area or along Walnut Creek (EG&G, 1995~). TDS shows the highest variability 

within and immediately downgradient of the Industrial Area and varies from 138 mg/L at the 

initial well to approximately 455 mg/L at the most downgradient well on the path. 

Woman Creek Flow Path - The regional Woman Creek flow path extends eastward from the 

base of the foothills near Coal Creek Canyon to Standley Lake. On-Site, Woman Creek flows 

through the southwest Buffer Zone, through Pond C-1, to the Site boundary at Indiana Street. 

The flow path length is approximately 6 km (4 mi). Similar to the Industrial Area flow path, 

groundwater along the Industrial Area and Woman Creek flow paths shows local increases in the 

relative proportions of chloride and sulfate. Major ion concentrations at the upstream wells 

range from approximately 10 mg/L or less for sulfate, chloride, calcium and sodium up to 

approximately 60 mg/L for bicarbonate. Major ion concentrations show an upgradient-to- 

downgradient increase of approximately one order of magnitude. This is similar to the increases 

observed in the Industrial and Rock Creek flow paths. The impact of Site activities is potentially 

suggested in wells located along Woman Creek on the southeast comer of the Industrial Area 

(EG&G, 199%). TDS concentrations vary from 140 mg/L at the initial well to approximately 

500 mg/L at the most downgradient well on the path. 
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Southern Flow Path - The southern flow path begins in the south Buffer Zone just east of Rocky 

Flats Lake. It continues eastward to the ponds in the southeast comer of the Site and on to the 

Site boundary. The flow path length is approximately 7 km (4 mi). Similar to the Rock Creek 

flow path, bicarbonate is the dominant ion in groundwater along the southern flow path. Major 

ion concentrations at the upstream wells range from approximately 10 .mg/L or less for sulfate, 

chloride and sodium up to approximately 100 mg/L for calcium and bicarbonate. Major ion 

concentrations show an upgradient-to-downgradient one order of magnitude increase similar to 

that observed in the Industrial and Rock ,Creek flow paths. TDS concentrations vary from 331 

mg/L at the initial well to approximately 500 mg/L at the most downgradient well on the path. 

As noted in the Groundwater Geochemistry Report, the major-ion chemistry of the UHSU and 

LHSU groundwater generally supports the current definition of the two hydrostratigraphic units. 

The major-ion composition of groundwater is much less variable in the UHSU than in the LHSU. 

Groundwater in the UHSU is generally distinct in composition from groundwater in the LHSU, 

although groundwater in the two hydrostratigraphic units can be similar. These observations are 

consistent with hydrologic evidence for two distinct hydrostratigraphic units that have only 

limited hydraulic communication with each other (EG&G, 199%). 

TA-1.6.5 Surface Water Features 

Streams and seeps at RFETS are largely ephemeral, with stream reaches gaining or losing flow, 

depending on the season and precipitation amounts. Surface water flow across RFETS is 

primarily from west to east, with three major drainages traversing the Site. A total of 14 

detention ponds (plus several small stock ponds) collect surface water runoff, although only ten 

ponds are actively managed. The Site drainages and detention ponds, including their respective 

interest to this report, are described below and shown in Figure TA-1-2. 
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Walnut Creek 

Walnut Creek drains the central third of RFETS, including the majority of the Industrial Area. It 

consists of several tributaries (North Walnut Creek, South Walnut Creek and No Name Gulch) 

that join prior to Walnut Creek flowing off WETS at the eastern boundary (Indiana Street). East 

of Indiana Street, Walnut Creek is diverted by the Broomfield Diversion Ditch to the south of 

Great Western Reservoir and into Big Dry Creek. The Walnut Creek tributaries, from north to 

south, are described below. 

r 

McKav Ditch 

The McKay Ditch was formerly a tributary to Walnut Creek within the RFETS boundaries but 

was diverted in July 1999 into a new pipeline to keep McKay Ditch water from co-mingling with 

RFETS water in Walnut Creek. Although no longer a contributor to Walnut Creek, the McKay 

Ditch drainage is described here to clarify water routing at the Site. The new configuration 

allows the City of Broomfield to transport water from the South Boulder Diversion Canal, across 

the northern RFETS Buffer Zone and dlrectly into Great Western Reservoir (east of the Site) 

without contacting Walnut Creek water from the Site’s stormwater detention ponds. 

No-Name Gulch 

This drainage is located downstream from the former Site landfill. Runoff from the Industrial 

Area does not flow into this basin. 

North Walnut Creek 

Runoff from the northern portion of the Industrial Area flows into this drainage, which has four 

detention ponds (Ponds A-1, A-2, A-3 and A-4). The combined capacity of the A-series ponds is 

approximately 197,000 cubic meters (m3) (50 million gallons [160 acre-feet]). Ponds A-1 and A- 

2 are kept off-line and maintained for emergency spill control; evaporation or transfer controls 

water levels in these ponds. Pond A-1 also receives water pumped from the Landfill Pond 
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roughly once per year. North Walnut Creek flow is diverted around Ponds A-1 and A-2 to Pond 

A-3, where water is held and settling of solids occurs. Pond A-3 is transferred in batches to the 

A-series “terminal pond,” Pond A-4. After filling to a predesignated level (typically 

approximately 50 % of capacity). Pond A-4 water is isolated, sampled and released if water 

quality standards are met. These off-Site discharges, each averaging approximately 63,000 m3 

(17 million gallons [50 acre-feet]), typically occur 2 to 4 times per year. 

The average annual discharge to North Walnut Creek at the east perimeter of the Industrial Area 

(at station SW093) is approximately 148,000 m3 (40 million gallons [120 acre-feet]). The 

average mean daily flow rate at station SW093, from October 1992 through April 1997, was 

0.005 cubic meters per second (m3/s) (0.16 cubic feet per second [cfs]). The maximum mean 

daily flow rate during this period was approximately 0.25 m3/s (9 cfs). 

South Walnut Creek 

Runoff from the central portion of the Industrial Area flows into this drainage, which has five 

detention ponds (Ponds B-1, B-2, B-3, B-4 and B-5). The combined capacity of the South 

Walnut Creek detention ponds (B-series ponds) is approximately 102,000 m3 (30 million gallons 

[85 acre-feet]). Ponds B-1 and B-2 are kept off-line and maintained for emergency spill control; 

evaporation or transfer controls water levels in these ponds. Pond B-3 receives effluent from the 

Site’s wastewater treatment plant (WWTP) and flows into Pond B-4. South Walnut Creek flow 

is diverted around Ponds B-1, B-2 and B-3, into Pond B-4, which flows continuously into 

“terminal pond” Pond B-5. After filling to a pre-designated level, Pond B-5 is released in 

batches of approximately 54,000 m3 (15 million gallons [45 acre-feet]) to South Walnut Creek. 

Pond B-5 discharges typically occur 6 to 8 times per year. 

The average annual discharge to South Walnut Creek, including effluent from the Site’s WWTP, 

is approximately 318,000 m3 (85 million gallons [260 acre-feet]). The average mean daily flow 

rate measured in South Walnut Creek (at station GSlO), from October 1992 through April 1997, 
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was 0.003 m3/s (0.12 cfs) and the maximum mean daily flow rate during this period was 

approximately 0.142 m3/s (5 cfs). 

South InterceDtor Ditch 

South of the Industrial Area is the South Interceptor Ditch (SID)/Woman Creek system. 

Although it is tributary to Woman Creek, the SID warrants more thorough discussion than other 

comparable tributaries at the Site because it captures runoff from the southern portion of the 

Industrial Area, a drainage basin that includes the 903 Pad. The 903 Pad, located on the 

southeast comer of the Industrial Area, has some of the highest known levels of actinides in 

surface soils on the Site as shown in Section TA-3. 

Surface water runoff from the southern portion of the Industrial Area is captured by the SID, 
which flows from west to east into Pond C-2. Water from Pond C-2 is sampled and, if surface 

water quality criteria are met, pump discharged into Woman Creek that flows to the Woman 

Creek Reservoir. Off-Site discharges from Pond C-2, averaging approximately 46,900 m3 (13 

million gallons [40 acre-feet]), typically occur once per year. 

There is frequently no flow in the SID. The average mean daily flow rate (at station SW027), 

from October 1994 through April 1997 and including the periods of no flow, was 0.001 m3/s 

(0.05 cfs). The maximum mean daily flow rate during this period was approximately 0.170 m3/s 

(6 cfs). 

Woman Creek 

South of the SID is Woman Creek, which flows through Pond C-1 and off-Site at Indiana Street. 

The Woman Creek drainage basin extends eastward from the base of the foothills, near Coal 

Creek Canyon, to Standley Lake. Woman Creek currently flows into the Woman Creek 

Reservoir, where it is held until it is pump transferred to Big Dry Creek. The average annual 

yield of the basin is approximately 420,000 m3 (1 10 million gallons 1340 acre-feet]). The 
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average mean daily flow rate in Woman Creek (at Indiana Street) was 0.010 m3/s (0.47 cfs) and 

the maximum mean daily flow rate during this period was approximately 2.150 m3/s (76 cfs). 

Other Drai nacies 

The largest major drainage at the Site, other than Walnut and Woman Creeks, is Rock Creek. 

The Rock Creek drainage covers the northern portion of the Site’s Buffer Zone. Flat areas to the 

west, several small stock ponds within the creek bed and multiple steep gullies and stream 

channels to the east characterize the drainage channel. This basin is hydrologcally-isolated from 

the developed areas. It receives no runoff from the Industrial Area and contaminant transport by 

surface (or subsurface) processes is not indicated or suspected based on data presented in the 

Background Geochemical Characterization Report (EG&G, 1993a). Analytical data for Rock 

Creek are not presented in this report. 

Smart Ditch, located south of Woman Creek, is also hydrologically-isolated from the RFETS 
Industrial Area. The D-series Ponds @-1 and D-2) are located on Smart Ditch. This drainage 

and these ponds are not discussed in this report. 

TA-1.6.6 Biological and Ecological Resources 

The Buffer Zone provides habitat for a wide range of plant and animal species. Background 

information on the plants and wildlife found at the Site is provided below as a reference for the 

biological transport pathway analysis presented later in this report. 

Veaetation 

The topography and close proximity of the Site to the mountains provides for a diverse mixture 

of prairie and foothills plant communities in the Site’s Buffer Zone. Currently, over 585 species 

of plants are reported to exist at the Site (Kaiser-fill, 2000b). Plant communities at RFETS 

range from xeric (dry) grassland communities to more hydric (wet) communities, such as wet 

meadows and marshes. The plant communities of greatest ecological significance on Site are the 
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xeric tallgrass prairie, the Great Plains riparian community, the tall upland shrubland community 

and wetlands (Kaiser-Hill, 1996) (Figure TA-1-16). 

The xeric tallgrass prairie occurs on the cobbly alluvium found on pediments and ridges at the 

Site and is a part of what is classified as xeric mixed grassland. This prairie is distinguished by 

such tallgrass plant species as big bluestem (Andropogon gerardii), little bluestem (Andropogon 

scoparius), prairie dropseed (Sporobolus heterolepis) and switchgrass (Panicum virgatum). 

The Great Plains riparian community is found along streams at the Site. Examples of this 

community are found in the Rock Creek, Walnut Creek, Woman Creek and Smart Ditch 

drainages (Figure TA-1-2). Cottonwood trees and willows predominate in this community. 

Another unusual shrub community, dominated by leadplant, is also often found in association 

with the Great Plains riparian community at the Site. These communities provide important 

habitat for many of the bird'and mammal species found here, including the Preble's meadow 

jumping mouse (ZQpus hudsonius preblei). 

The tall upland shrubland community is found on north-facing slopes primarily in the Rock 

Creek drainage and commonly occurs just above wetlands and seeps. The dominant tall shrubs 

are hawthorne and chokecherry, which are associated with other shrubs and plants common in 

the foothills to the west of the Site. This community is used by many animals throughout the 

year for cover, including several rare bird species during the breeding season and is used 

preferentially during the spring by mule deer for fawning areas. 

Wildlife 

REETS provides habitat for a large variety of wildlife, ranging from big-game species to small 

mammals, bird species, fish and reptiles. Descriptions of commonly observed animal species, 

with information on their preferred habitat at the Site, is provided here as a reference for 

understanding potential actinide transport mechanisms related to wildlife. Details on wildlife 

observed at the Site can be found in the 2000 Annual Wildlife Report fo r  the Rocky Flats 
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Environmental Technology Site (Kaiser-fill, 2001). Information is provided on data collection 
e 

and analysis methods, survey results, species density analysis and other survey data. 

At the end of the 2000 field season, 253 terrestrial vertebrate species had been verified as using 

the Site’s ecosystems. This compares to the 322 terrestrial vertebrate species found at the Rocky 

Mountain National Park, an area 98 % larger than RFETS. The Site’s diversity includes 189 

species of birds, 20 of which are raptors; 3 big game species; 12 species of carnivores; 3 

lagomorphs (rabbits and hares); 6 large rodents; 19 small mammal species, including the 

federally listed Preble’s meadow jumping mouse; 6 bats, 11 reptiles; and 7 amphibians recorded 

since 1991 (Kaiser-Hd1,2001). 

The dominant big game species at the Site is the mule deer (Odocoileus hemionus). The current 

population at the Site is estimated to be 130 to 150 individuals (Murdock, 2002). White-tailed 

deer (Odocoileus virginianus) numbers have increased and it is probable that more than a dozen 

of this species regularly use the Site. Elk (Cewas elephas) continue to be in the vicinity during 

spring and, during spring 2001, a herd of 80 to 100 elk has been observed in the grasslands west 

of the Site. South-facing mesic hillsides are used extensively by deer as feeding areas during the 

late fall, winter and spring. Shrublands, particularly tall upland shrublands are critical areas for 

mule deer fawning in spring and as wind-break sites during the winter months. Tall upland 

shrubland and Great Plains riparian habitats are heavily used for shade cover during the summer. 

Xeric mixed grassland, which is found on the flat uplands, is important to the deer during the 

breeding season, second only to mesic mixed grasslands of the hillsides. Mountain lions (Felis 

concolor) are uncommon visitors to the Site, but are reported in various habitats every year 

(Kaiser-Hill, 1996). 

0 

The most frequently observed carnivore species at the Site is the coyote (Canis latruns) and the 

next is the raccoon (Procyon lotor). Coyotes, which are active both diurnally and nocturnally, 

were found in all habitats. Both species are common in most habitats, with coyotes favoring 

grasslands and raccoons prefemng areas around ponds and creeks. 
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Muskrats (Ondatru zibethicus) have been recorded in ponds in the Woman Creek, Walnut Creek 

and Rock Creek drainages. They are also present in the SID. Physical signs continue to confirm 

the occasional presence of striped skunks (Mephitis mephitis) around water and badgers (Taxidea 

tarus) in grasslands, though neither species is abundant at the Site. Bobcats (Lynx rufus) and red 

fox (Vulpes vulpes) are seldom seen but have been recorded at the Site. Beavers have been 

observed sporadicall y. 

Small game mammals include desert cottontail rabbits (Sylvilugus audubonii), two species of 

jackrabbits (LRpus califomicus and LRpus townsendii) and fox squirrels (Sciurus niger). The 

rabbits inhabit disturbed areas, scrap storage areas, riprap areas and other areas affording cover. 

Fox squirrels are usually found in shrublands and woodlands, although they have been recorded 

in the developed areas of the Site as well. Other large rodents include black-tailed prairie dogs 

(Cynomys ludovicianus) and porcupines (Erethizon dursatum). Porcupines prefer tall upland 

shrubland habitat and the scattered ponderosa pines on the Site. Long-tailed weasels (Mustela 

frunata) are recorded infrequently, usually around heavy shrub cover, or along creeks. Gray fox 

(Urucyon cinereoargenteus) and mink (Mustela vison) have been observed once each since 

1991. Preble’s meadow jumping mice (Zapus hudsoniuspreblei) live in the riparian areas and 

around ponds. This species is seldom found far from tall vegetation and water (Kaiser-Hill, 

1996). 

During 2000,85 bird species were recorded on migratory bird surveys alone. This compares to 

153 species that have been recorded along bird survey transects at the Site since bird surveys 

were initiated in 1991. Trends over the last seven years indicate bird diversity in wetlands 

appears to be gradually increasing in winter while diversity appears to be steadily decreasing in 

grasslands in spring. No other trends are discernible (Kaiser-Hill, 2001). 

Songbird density and diversity numbers indxate little change in songbird use of all habitats at 

the Site over the past decade. Completing an accurate census of migratory waterfowl is more 

difficult, but surveys conducted in 2000 indicate these species continue to be observed in 
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numbers similar to past years (Kaiser-Hill, 2001). Raptor species exhibited their normal species 

richness and seasonal species assemblages. As in past years, red-tailed hawks (Buteo 

jamaicensis), Swainson's hawks (Buteo swainsoni), American kestrels (Fulco sparverius) and 

Great Homed Owls (Bubo virginianus) nested at the Site, demonstrating that the habitat 

continues to provide the necessary resources for these raptors. 

TA-I .6.7 Microbiology 

Microbial Ecoloqv of Contaminated Sites 

Microbial ecology is the relationship between microbial populations and their biotic and abiotic 

environments. Because microorganisms can tolerate, adsorb, reduce (or oxidize) and precipitate 

metals, microbial populations potentially can modify trace metal geochemistry. Conversely, 

microbial population structure and dynamics (species, abundance, diversity and activity) may be 

subject to environmental changes in metal chemistry. Thus, the geochemical and microbial 

characteristics of contaminated sites are interrelated and interdependent. Moreover, it is only 

recently that the interactions between indigenous microbial populations and metal contaminants 

have been investigated adequately. Part of the problem has been the lack of accurate tools to 

assess the species, numbers, diversity and activity of an indigenous population. Recent 

applications of molecular tools, such as polymerase chain reaction (PCR) amplification and 

advanced DNA sequencing techniques have advanced our understanding of native microbial 

populations. In the past few years, dozens of new microbial kingdoms have been identified, 

attesting to our past lack of understanding of native microbial populations. 

It is possible, however, to make a few general statements taken from past studies about the 

interdependency of microorganisms and contaminants. The effects of toxic metals on microbial 

ecology vary with several environmental parameters such as nutrients, temperature, pH, salinity, 

water, light and oxygen. It is believed that only a subset of the organisms present in the 

environment has the ability to adapt to environments highly modified by metal pollution. Toxic 
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metal contaminants are believed to reduce cell abundance and species diversity by selecting for 

metal resistant subsets of the population (Duxbury, 1986; Babich, 1985). In general, 

prokaryotes (e.g., bacteria) are more sensitive than.eukaryotes (fungi, algae, etc.) to heavy metal 

pollution in soils, due perhaps to their higher surface area per unit volume than other life forms. 

Finally, it is widely recognized that Gram negative bacteria are more metal-tolerant than are 

gram positive microorganisms (the Gram reaction divides microorganisms into categories based 

on their cell wall characteristics). 

It can be difficult to separate the effects from metals from the effects of other environmental 

components. However, the microbial ecology of high U environments has been studied using 

both traditional microbiological and newer molecular techniques (Suzuki; Bafield, 1999). 

Generally, these studies reveal the presence of microorganisms in these contaminated 

environments. For example, 16s-rRNA gene sequencing methods were used by Puers and 

Selensks-Pobell (Puers, 1998). To assess bacterial diversity in a U mining waste pile having 

elevated U concentrations up to 58 mg/L revealed that microorganisms related to Proteobacteria 

(24 %), green-non-sulfur bacteria (41 %) and FibriolAcidobactena subdivisions (19 %) were the 

most prevalent. Only 5 % of the clones were Gram-positive, confirming the dominance of Gram 
negative species over Gram positive with respect of metal tolerance. 

Microbial Ecolonv and Geomicrobiolonv at RFETS 

Unfortunately, Site-specific data on the microbial ecology of RFETS do not exist, nor have 

studies been performed detailing specific geomicrobiological processes in the surface soils, 

subsurface material or surface waters. While it is tempting to extrapolate this information from 

studies conducted at nearby locations along the Front Range (e.g., Pawnee National Grasslands), 

such attempts would provide little in the way of irrefutable and defensible evidence regarding the 

role of microorganisms in actinide transport. Certainly, to develop a more complete description 

of transport pathways, a fundamental need of this program will be to perform a minimum 

assessment of the microbial ecology in both contaminated and uncontaminated locations at the 
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Site. The recent merging of molecular biology with microbial ecology has provided new and 

exciting techniques to probe the microbial complexity of soil and aquatic environments. They 

are now being used with ever increasing resolution to understand the relatedness of contaminants 

and indigenous populations. 
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Figure TA-1-1. Potential Actinide Transport Pathways at RFETS 
Conceptual Model Diagram. 

Actinide Transport Rate Coefficients: 
(Source: Kaiser-Hill, 1998) 

R =  
Ras = 
Rad = 
Rb = 
Rbp = 
Rep = 
Red = 
Rip = 
Rgd = 
RgP = 
Rgs = 
Rgr = 
Rpr = 
Rps = 
Rsp = 
Rsd = 
Rtp = 
Rtd = 

rate of actinide transport in medium (subscripts indicate transport mechanism) 
air suspension 
air deposition 
bio-uptake 
biotransport (including bioturbation and biopedal transport) 
soil erosion and overland flow particulateIcoIloid transport 
soil erosion and overland flow dissolved transport 
infiltration particulate/colloid transport 
groundwater dissolved transport 
groundwater particulate I colloid transport 
groundwater discharge 
groundwater recharge 
vegetation root uptake 
raindrop splash 
surface water particulate I colloid transport 
sediment to surface water dissolved transport 
particulate vadose zone transport (subsurface storm flow) 
dissolved vadose zone transport (subsurface storm flow) 
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Figure TA-1-3. Monthly Average Precipitation at RFETS 
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Figure TA-1-5. Precipitation at Boulder Station 50848 - 
Cumulative Departure of Water Years 1997 - 1997 from Monthly Normals 

- 13.0 

C c 

6 
. f 

0 i 
- 3.0 

m 1  -2.0 

Month-Year 
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Figure TA- 1-9. Generalized Stratigraphic Column for the RFETS Area 
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Figure TA-1-10, Generalized Geologic Cross-Section of the Front Range and the 
RFETS Area 

LyMm Formdim 

Lywm h FouMdn Fanmlb 
VndMW Ignews h rn Ymlamorphic Unlb 

J 

Source: Geologic Characterization Report for the RFETS, Volume 1 ,  March 1995 (EGCG, 1995b) 

April 2002 

0 
1-48 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I OS-01 

. 

SECTION TA-2 . TABLE OF CONTENTS 

TA-2 MEASURED ACTINIDE CONCENTRATIONS 

IN THE ENVIRONMENT AT RFETS ....................................................................................... 2. 1 

TA-2.1 RFETS Actinide Data Sources ................................................................................. 2-2 

TA-2.1.1 Background Actinide Concentrations .................................................................. 2-2 

TA-2.1.2 Soil and Water Database Actinide Data ............................................................... 2-4 

TA-2.1.3 Other Actinide Data Not Stored in the Soil and Water Database ........................ 2-6 

TA-2.2 Locations of Actinide Sources ................................................................................. 2-8 

TA-2.2;l Process Used To Identify Actinide Sources ......................................................... 2-8 

TA-2.2.2 Actinide Source Maps ........................................................................................ 2.2 1 

Surface Soil Actinide Concentrations .................................................................... 2-21 

TA-2.3.1 Background Surface Soil Actinide Concentrations ............................................ 2-21 

TA-2.3.2 RFCA Action Levels .......................................................................................... 2-22 

TA-2.3.3 RFETS Surface Soil Actinide Figures ............................................................... 2-23 

TA-2.3.4 Surface Soil Data Query Process ....................................................................... 2-25 

TA-2.3.5 Surface Soil Data Description ............................................................................ 2-25 

TA-2.3.6 Geostatistical Analyses of Surface Soil Samples ............................................... 2-27 

TA-2.3 

TA-2.4 Sub-Surface Soil Actinide Concentrations ............................................................. 2-37 

TA-2.4.1 Background Sub-surface Soil Actinide Concentrations .................................... 2-37 

TA-2.4.2 RFCA Action Levels for Sub-surface Soils ...................................................... 2-37 

TA-2.4.3 RFETS Sub-surface Soil Actinide Figures ........................................................ 2-38 

TA-2.4.4 Sub-surface Soil Data Query Process ................................................................ 2-39 

TA-2.4.5 Sub-surface Soil Data Description .................................................................... 2-40 

TA-2.5 Sediment Actinide Concentrations ......................................................................... 2-41 

TA-2.5.1 Background Sediment Actinide Concentrations ................................................ 2-41 

TA-2.5.2 RFCA Action Levels .......................................................................................... 2-42 

TA-2.5.3 RFETS Sediment Actinide Figures .................................................................... 2-42 

. .  Y April 2002 1 

. 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

TA-2.5.4 Sediment Data Query Process ............................................................................ 2-43 

TA-2.5.5 Sediment Data Description ................................................................................. 2-44 

TA-2.6 Building Material Actinide Concentrations ........................................................... 2-45 

TA-2.6.1 Background Building Material Actinide Concentrations ................................... 2-45 

TA-2.6.2 Underground Building Contamination Analysis ................................................ 2-48 

Surface Water Actinide Concentrations ................................................................. 2-51 

TA-2.7.1 Background Surface Water Actinide Concentrations ........................................ 2-51 

TA-2.7.2 RFCA Action Levels .......................................................................................... 2-52 

TA-2.7.3 RFETS Surface Water Actinide Figures ............................................................ 2-52 

TA-2.7.4 Surface Water Data Query Process .................................................................... 2-54 

TA-2.7.5 Surface Water Data Description ......................................................................... 2-55 

TA-2.7 

TA-2.8 Ground Water Actinide Concentrations ................................................................. 2-60 

TA-2.8.1 Background Groundwater Actinide Concentrations .......................................... 2-60 

TA-2.8.2 RFCA Action Levels .......................................................................................... 2-62 

TA-2.8.3 RFETS Groundwater Actinide Figures .............................................................. 2-63 

TA-2.8.4 Groundwater Data Query and Refinement Process ............................................ 2-64 

TA-2.8.5 Groundwater Data Description ........................................................................... 2-65 

TA-2.9 Air Actinide Concentrations ................................................................................... 2-71 

TA-2.9.1 Background and Baseline Air Actinide Concentrations .................................... 2-71 

TA-2.9.2 Air Regulatory Standards ................................................................................... 2-76 

TA-2.9.3 Air Data Acquisition Figures ............................................................................. 2-78 

TA-2.9.4 Air Data Acquisition Process ............................................................................. 2-78 

TA-2.10 Biota Actinide Concentrations ............................................................................... 2-79 

TA-2.10.1General Observations in Biota ........................................................................... 2-79 

TA-2-11 Technical Appendix Section TA-2 References ...................................................... 2-81 

.. 

April 2002 ii 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I OS-Ol 

SECTION TA-2 TABLES 

Table TA-2- 1 . Analytical Data Verification and Validation Qualifiers ...................................... 2-6 

Table TA.2.2 . Table of Actinide Sources ................................................................................. 2-11 

Table TA.2.3 . Actinide Source Locations With Associated Surface and Sub-surface Soil 

Data (Sample Page) ............................................................................................................ 2-20 

Table TA.2-4 . Background Surface Soil Actinide Concentrations ........................................... 2-22 

Table TA.2.5 . RFCA Surface Soil Action Levels .................................................................... 2-23 

Table TA.2.6 . Summary Statistics for Surface Soil Data Set ................................................... 2-26 

Table TA.2.7 . Selected Variogram Models .............................................................................. 2-32 

Table TA.2.8 . Estimated Areas for Actinide Concentrations in Surface Soils - 
Based on Kriging Analysis ................................................................................................. 2-36 

Table TA.2.9 . Background Sub-surface Soil Actinide Concentrations ................................... 2-37 

Table TA.2.10 . RFCA Sub-surface Soil Action Levels ........................................................... 2-38 

Table TA-2- 1 1 . Table of Sub-surface Soil Maps ..................................................................... 2-39 

Table TA.2.12 . Summary Statistics for Sub-surface Soil Data Set ......................................... 2-41 

Table TA.2.13 . Background Sediment Actinide Concentrations ............................................. 2-41 

Table TA.2.14 . RFCA Sediment Action Levels ....................................................................... 2-42 

Table TA.2.15 . Summary Statistics for Sediment Data Set ..................................................... 2-44 

Table TA.2.16 . Combined Total Surface Activity Data Summary .......................................... 2-46 

Table TA.2.17 . Building 771 UBC Sampling Specifications and Rationale ........................... 2-49 

Table TA.2.18 . Building 771 UBC, Soil Sampling Results ..................................................... 2-50 

Table TA.2.19 . Buildmg 771 UBC, Groundwater Sampling Results ...................................... 2-50 

Table TA.2.20 . Background Surface Water Actinide Concentrations ..................................... 2.5 1 

Table TA.2.21 . RFCA Surface Water Action Levels ............................................................... 2-52 

Table TA.2.22 . Summary Statistics for Surface Water Actinide Data Set ............................... 2-56 

Table TA.2.23 . Alpha Spectrometry and ICP/MS Detection Limit Range .............................. 2-61 

Table TA.2.24 . Background Groundwater Actinide Concentrations ....................................... 2-62 

Table TA.2.25 . RFCA Groundwater Action Levels ................................................................. 2-63 

Table TA.2.26 . Summary Statistics for Groundwater Actinide Data (1991-1999) ................. 2-67 

April 2002 ca\ iii 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

Table TA.2.27 . Average Annual Air Concentrations. Pu-239/240 and Am-241 ..................... 2-74 

Table TA.2.28 . Average Annual Air Concentrations. U.234. U-235 and U-238 .................... 2-75 

Table TA.2.29 . Boundary Values of Annual Average Ambient Air Concentrations. 

1997-1999 ........................................................................................................................... 2-76 

Table TA.2.30 . Compliance Concentration Levels from 40 CFR 61. Table 2 ......................... 2-77 

SECTION TA-2 FIGURES 

Figure TA.2.1 . Actinide Sources . Entire Site ....................... : ................................................. 2-85 

Figure TA.2.2 . Actinide Sources . Industrial Area .................................................................. 2-86 

Figure TA.2.3 . Pu-239/240 Activity in Surface Soils .............................................................. 2-87 

Figure TA.2-4 . Am-241 Activity in Surface Soils .................................................................... 2-88 

Figure TA.2.5 . U-233/234 Activity in Surface Soils ................................................................ 2-89 

Figure TA.2.6 . U-235 Activity in Surface Soils ....................................................................... 2-90 

Figure TA.2.7 . U-238 Activity in Surface Soils ....................................................................... 2-91 

Figure TA.2.8 . Pu-239/240 Activity in Surface Soils, Kriged Isoplot ..................................... 2-92 

Figure TA.2.9 . Am-241 Activity in Surface Soils, Kriged Isoplot .......................................... 2-93 

Figure TA.2.10 . U-233/234 Activity in Surface Soils, Kriged Isoplot .................................... 2-94 

Figure TA.2.11 . U-235 Activity in Surface Soils, Kriged Isoplot ............................................ 2-95 

Figure TA.2.12 . U-238 Activity in Surface Soils, Kriged Isoplot ............................................. 2-96 

Figure TA.2.13 . Site Area Variograms for Pu-239/240 ........................................................... 2-97 

Figure TA.2.14 . Site Area Variograms for Am-241 ................................................................. 2-98 

Figure TA.2.15 . Site Area Variograms for U-233/234 ............................................................. 2-99 

Figure TA.2.16 . Site Area Variograms for U-235 .................................................................. 2-100 

Figure TA.2.17 . Site Area Variograms for U-238 .................................................................. 2-101 

Figure TA.2.18 . Pu-239/240 Activity in Subsurface Soils. Depth 0.5 to 2 Feet .................... 2-102 

Figure TA.2.19 . Pu-239/240 Activity in Subsurface Soils, Depth 2 to 4 Feet ....................... 2-103 

Figure TA.2.20 . Pu-239/240 Activity in Subsurface Soils. Depth 4 to 6 Feet ....................... 2-104 

Figure TA.2.21 . Pu-239/240 Activity in Subsurface Soils. Depth 6 to 8 Feet ....................... 2-105 

iv 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I 05-01 

Figure TA.2.22 . 
Figure TA.2.23 . 
Figure TA.2.24 . 
Figure TA.2.25 . 
Figure TA.2.26 . 
Figure TA.2.27 . 
Figure TA.2.28 . 
Figure TA.2.29 . 
Figure TA.2.30 . 
Figure TA-2-3 1 . 
Figure TA.2.32 . 
Figure TA.2.33 . 
Figure TA.2.34 . 
Figure TA.2.35 . 
Figure TA.2.36 . 
Figure TA.2.37 . 
Figure TA.2.38 . 
Figure TA.2.39 . 
Figure TA.2-40 . 
Figure TA.2-41 . 
Figure TA.2-42 . 
Figure TA.2-43 . 
Figure TA.2-44 . 
Figure TA.2-45 . 
Figure TA-2-46 

Figure TA-2-47 

Figure TA-2-48 

Figure TA-2-49 

Figure TA-2-50 

Figure TA-2-5 1 . 

. .  

. .  

Pu-239/240 Activity in Subsurface Soils. Depth 8 to 10 Feet ..................... 2-106 

Pu-239/240 Activity in Subsurface Soils. Depth Greater Than 10 Feet ..... 2-107 

Am-241 Activity in Subsurface Soils. Depth 0.5 to 2 Feet ......................... 2-108 

Am-241 Activity in Subsurface Soils. Depth 2 to 4 Feet ............................ 2-109 

Am-241 Activity in Subsurface Soils. Depth 4 to 6 Feet ............................ 2-1 10 

Am-241 Activity in Subsurface Soils. Depth 6 to 8 Feet ............................ 2-1 11 

Am-241 Activity in Subsurface Soils. Depth 8 to 10 Feet .......................... 2-1 12 

Am-241 Activity in Subsurface Soils. Depth Greater Than 10 Feet .......... 2-113 

U-233/234 Activity in Subsurface Soils. Depth 0.5 to 2 Feet ..................... 2-1 14 

U-233/234 Activity in Subsurface Soils. Depth 2 to 4 Feet ........................ 2-1 15 

U-233/234 Activity in Subsurface Soils. Depth 4 to 6 Feet ........................ 2-1 16 

U-233/234 Activity in Subsurface Soils. Depth 6 to 8 Feet ........................ 2-1 17 

U-2331234 Activity in Subsurface Soils. Depth 8 to 10 Feet ...................... 2-1 18 

U-2331234 Activity in Subsurface Soils. Depth Greater Than 10 Feet ...... 2-119 

U-235 Activity in Subsurface Soils. Depth 0.5 to 2 Feet ............................ 2-120 

U-235 Activity in Subsurface Soils. Depth 2 to 4 Feet ............................... 2-121 

U-235 Activity in Subsurface Soils. Depth 4 to 6 Feet ............................... 2-122 

U-235 Activity in Subsurface Soils. Depth 6 to 8 Feet ............................... 2-123 

U-235 Activity in Subsurface Soils. Depth 8 to 10 Feet ............................. 2-124 

U-235 Activity in Subsurface Soils. Depth Greater Than 10 Feet ............. 2-125 

U-238 Activity in Subsurface Soils. Depth 0.5 to 2 Feet ............................ 2-126 

U-238 Activity in Subsurface Soils. Depth 2 to 4 Feet ............................... 2-127 

U-238 Activity in Subsurface Soils. Depth 4 to 6 Feet ............................... 2-128 

U-238 Activity in Subsurface Soils. Depth 6 to 8 Feet ............................... 2-129 

U-238 Activity in Subsurface Soils. Depth 8 to 10 Feet ............................. 2-130 

U-238 Activity in Subsurface Soils. Depth Greater Than 10 Feet ............. 2-131 

Pu-239/240 Activity in Sediments ............................................................... 2-132 

Am-241 Activity in Sediments .................................................................... 2-133 

U-233/234 Activity in Sediments ................................................................ 2-134 

U-235 Activity in Sediments ....................................................................... 2-135 

April 2002 V 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

Figure TA.2.52 . U-238 Activity in Sediments ....................................................................... 2-136 

Figure TA.2.53 . Pu-239/240 Activity in Surface Water . 

Pu-239/240 Load, Water Yield and Pu-239/240 Concentrations ..................................... 2-137 

Figure TA.2.54 . Am-241 Activity in Surface Water . 

Am-241 Load, Water Yield and Am-241 Concentrations ............................................... 2-138 

Figure TA.2.55 . U-233/234 Activity in Surface Water . 

U-233/234 Load, Water Yield and U-233/234 Concentrations ....................................... 2-139 

Figure TA.2.56 . U-235 Activity in Surface Water . 

U-235 Load. Water Yield and U-235 Concentrations ...................................................... 2-140 

Figure TA.2.57 . U-238 Activity in Surface Water . 
U-238 Load. Water Yield and U-238 Concentrations ...................................................... 2-141 

Figure TA.2.58 . Monitoring Station GS10 ............................................................................. 2-142 

Figure TA.2.59 . Example of Hydrograph Showing Rising-Limb Flow-Paced Composite 

Sampling ........................................................................................................................... 2-143 

Figure TA.2.60 . Unfiltered UHSU Pu-239/240 in Groundwater, 1991-1999 (Average) ....... 2-144 

Figure TA.2.61 . Unfiltered UHSU Pu-239/240 in Groundwater. 1991-1999 (Average) ....... 2-145 

Figure TA.2.62 . Unfiltered UHSU Am-241 in Groundwater, 1991-1999 (Average) ............ 2-146 

Figure TA.2.63 . Unfiltered UHSU Am-241 in Groundwater, 1991-1999 (Average) ............ 2-147 

Figure TA.2.64 . Filtered UHSU U-233/234 in Groundwater, 1991-1999 (Average) ............ 2-148 

Figure TA.2.65 . Filtered UHSU U-233/234 in Groundwater, 1991-1999 (Average) ............ 2-149 

Figure TA.2.66 . Filtered UHSU U-235 in Groundwater, 1991-1999 (Average) ................... 2.150 

Figure TA.2.67 . Filtered UHSU U-235 in Groundwater, 1991-1999 (Average) ................... 2-151 

Figure TA.2.68 . Filtered UHSU U-233/234 in Groundwater, 1991-1999 (Average) ............ 2-152 

Figure TA.2.69 . Filtered UHSU U-238 in Groundwater, 1991-1999 (Average) ................... 2-153 

Figure TA.2.70 . Unfiltered LHSU Pu-239/240 in Groundwater, 1991-1999 (Average) ....... 2-154 

Figure TA.2.71 . Unfiltered LHSU Am-241 in Groundwater, 1991-1999 (Average) ............ 2-155 

Figure TA.2.72 . Filtered LHSU U-233/234 in Groundwater. 1991-1999 (Average) ............ 2-156 

Figure TA.2.73 . Filtered LHSU U-235 in Groundwater. 1991-1999 (Average) .................... 2-157 

Figure TA.2.74 . Filtered LHSU U-238 in Groundwater. 1991-1999 (Average) .................... 2-158 

Figure TA.2.75 . Groundwater Basins and Divides for Permeable Units of the UHSU ......... 2-159 

April 2002 vi 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I 05-01 

Figure TA-2-76. Groundwater Basins and Divides for 

Permeable Units of the UHSU (Industrial Area) ............................................................. 2-160 

Figure TA-2-77. RAAMP Sampler Locations ...... . . . . . . .. .. . . .... . . . . . . . . .. . . .: .. . .. .. . . .. . . . .... . ... . . . .. . .. . . .. . .2- 16 1 

Figure TA-2-78. Average Actinide Concentrations'in Air at 

RFETS Perimeter, 1997 -1999 ....................................................................................... 2-162 

Figure TA-2-79. Expanded View of RAAMF Sampler .......................................................... 2-163 

Figure TA-2-80. RAAMP Sampler (foreground) Near 903 Pad ............................................. 2-164 

April 2002 

b5 
vii 



April 2002 

Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I 05-01 

This page intentionally left blank. 

... 
V l l l  



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

TA-2 MEASURED ACTINIDE CONCENTRATIONS 
e 

IN THE ENVIRONMENT AT RFETS 

This section presents actinide data measured in environmental media at RFETS. For each media, 

measured data are presented for Pu-239/240, Am-241, U-233/234, U-235 and U-238. The media 

include: 

Surface soil; 

Sub-surface soil; 

Sediments; 

Building materials (exposed to the environment); 

Surface water; 

Groundwater: 

Air; and 

Biota. 

Actinides occur in the environment at RFETS as either "background" material, or as material 

released during operations at the Site. Pu and Am background concentrations exist because of 

global fallout from historic atmospheric nuclear testing. In the case of U, background quantities 

also occur naturally in the soil and underlying geologic material. Therefore, background levels 

of actinides for each of the environmental media studied in this report provide an important 

reference to distinguish between actinides present in the environment at RFETS because of 

historic Site operations versus actinides that exist because of sources not related to historic Site 

operations. 

The bulk of information on actinides measured in environmental media at RFETS is presented in 

the Figures at the end of Section TA-2. Text supporting these data compilation is organized in 

the following manner: a 
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0 Section TA-2.1 provides descriptions of the actinide data sources. Subjects addressed 

include background actinide levels for environmental media at RFETS, the RFETS Soil and 

Water Database (SWD) and environmental actinide data not stored in the SWD; 

Section TA-2.2 summarizes actinide source data at RFETS. The data were obtained from a 

review of the collection of Historical Release Report (HRR) documents (DOE, 1992; DOE, 

1993; DOE, 1994; DOE, 1995a; Kaiser-Hill, 1996; Kaiser-Hill, 1997; Kaiser-Hill, 1998a; 

Kaiser-Hill, 1999). The actinide sources are shown in a table and on two maps. Surface 

water drainage basins and surface water monitoring stations are shown on the actinide source 

maps to facilitate data analyses presented in later sections of this report. A third table relates 

individual actinide sources with actinide concentrations in surface and sub-surface soil 

sampling locations associated with the source; 

Sections TA-2.3 through TA-2.7 present media-specific actinide data measurements and 

information compiled from the SWD. Each section contains a summary of the sample 

collection methods used and a discussion of the electronic queries applied to the SWD. For 

surface soil, sub-surface soil and sediments, data are portrayed in a series of media-specific 

Site figures which show the location, concentration and frequency distribution of data 

gathered plus background actinide levels and RFCA Tier I and Tier 11 Action Levels for 

reference; and 

0 Surface water data are presented as actinide concentrations, water yields and the resulting 

actinide loads at eight RFCA monitoring stations located at the Site. Surface water drainage 

basins and surface water monitoring stations are delineated on all actinide data figures to 

facilitate the surface water actinide transport analysis presented later in this report. 

TA-2.1 RFETS ACTINIDE DATA SOURCES 

TA-2.1 .I Background Actinide Concentrations 

The Background Geochemical Characterization Program was conducted from 1989 to 1993 to 

assess the chemistry of environmental materials in areas near RFETS that remained undisturbed 
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by historic Site operations (EG&G, 1993). The Background Geochemical Characterization 0 
Report (EG&G, 1993) and the Geochemical Characterization of Background Suqace Soils: 

Background Soils Characterization Program report (EG&G, 1995) were the main sources of 

background data referenced for this actinide pathway study. 

The Background Geochemical Characterization Report addresses five environmental media, 

including: surface soil; sub-surface soil (or borehole material); stream sediment; surface water 

and, groundwater (EG&G, 1993). The Geochemical Characterization of Background Suqace 

Soils: Background Soils Characterization Program report specifically addresses surface soils 

(EG&G, 1995). 

Background locations were characterized by analyzing environmental media collected at a 

number of sampling sites. The resulting chemical data were statistically summarized to provide 

a basis for comparison with chemical results from non-background areas at RFETS. As 

described in the Background Geochemical Characterization Report, an independent , 

subcontractor validated the laboratory analysis data. Quality control checks were run routinely 

during the data-entry process to ensure data reliability (EG&G, 1993). Quality control data such 

as rinsates, blanks and spikes were excluded from the working data set. All rejected data were 

excluded from statistical and geochemical analyses. 

Non-detects greater than two times the minimum reporting limits were omitted from statistical 

analysis and the remaining non-detects were replaced with one-half the detection limit. Details 

of the statistical analyses are provided in the Background Geochemical Characterization Report 

(EG&G, 1993). 

With respect to specific media, the geochemical data were categorized into subgroups by the 

geologic unit, flow system, or location. Groundwater and geologic material (borehole) samples 

were collected and grouped into geologic units: Rocky Flats alluvium (RFA), valley-fill alluvium 

(VFA), colluvium (COL), weathered claystone of upper Arapahoe/Laramie Formations (WCS) 

and unweathered, undifferentiated Arapahoe/Larde Formation (KAR). These data were 

grouped into upper (RFA+VFA+COL+WCS) and lower (KAR) flow systems for chemical 
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comparison. The upper flow system is largely a calcium bicarbonate type and the mean 

concentrations of the radionuclides and water quality parameters showed significant differences 

among the geologic units (EG&G, 1993). 

Background data for each media are provided in Sections TA-2.3 through TA-2.10. 

TA-2.1.2 Soil and Water Database Actinide Data 

The majority of the data presented in this report are stored in the RFETS SWD. Data used in this 

report and not stored in SWD are described in Section TA-2.1.3. SWD contains over three 

million environmental data records for surface soil, sub-swface soil, sediment, groundwater and 

surface water samples collected since approximately 1990 (Kaiser-Hill, 2000a). SWD also 

contains results of some waste container and tank sampling at RFETS well as data generated as 
part of nonenvironmental sampling programs. 

All analytical data generated in accordance with the Standard Services and Radiochemistry 

Parameter Specific Analytical (PSA) Modules contained in a contracted laboratory’s Statement 

of Work are subject to data assessment (Kaiser-Hill, 2000a). Data assessment is a generic term 

for a quality assurance evaluation of analytical chemistry data. This assessment involves: 

0 An initial review of the data package by the contracted laboratory performing the analysis; 

A cursory examination of the data by RFETS Analytical Services Division (ASD) personnel 

prior to customer release of preliminary data; 

Verification that ranges from a cursory completeness check and quality control verification 

of the Data Review Checklist to a more thorough check of the data; and 

Validation by ASD or subcontractor personnel of the hard-copy deliverable for results of 

sample analyses, otherwise known as the data package. 

The nature and extent of the verification and validation activities are based upon program and 

customer specifications and ASD requirements to evaluate contractor laboratory performance 
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ensure that data meet certain specified criteria. It involves assessing both the compliance of the 

data package with the Statement of Work and acceptability of the data, using PSA Module 

verification and validation guidelines. Verification ranges from a cursory check of the Data 

Review Checklist to a more thorough review of the data, up to and including the assignment of 

data qualifiers. Verification may indicate that the data package requires validation (Kaiser-Hill, 

2000a). 

Validation is a more thorough assessment process than verification. Validation criteria for 

isotopic analyses of actinides are based on specifications detailed in the contracted laboratory’s 

Statement of Work. Validation involves the inspection of data package contents for compliance 

with the contracted analytical laboratory’s Statement of Work and validity of the data, using PSA 

Module verification and validation guidelines. Validation usually includes examination of raw 

data and calculations. 

@ Descriptions of the validation criteria applied to determine data acceptance for inclusion in this 

report are provided in the relevant sub-sections for the different environmental meda. 

Verification and validation qualifier nomenclature is presented in Table TA-2-1. More detailed 

information on verification and validation of RFETS isotopic actinide analytical data are 

dependent on the analytical method used. For alpha spectrometry, the analytical method used for 

much of the data presented in this report, the data assessment guidelines are contained in the Site 

procedure Statement of Work for Analytical Measurements, Isotopic Deteminations by Alpha 

Spectrometry (Kai ser-Hi 11 , 1 998 b) . 
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Table TA-2- 7. Analytical Data Verification and Validation Qualifiers 

Dab Qualifier 

JB 

NJ 

UJ 

R 

source: Kaiser-Hill, 2 m .  

Description 

Problems with the data were not observed at the indicated review 

level. All data that meet validation criteria ("V" data) are assigned 

a Validation Reason Code that provides further information on data 

quality issues, if any, raised during the validation process. 

_ _ _ _ _ _ _ ~ ~  ~ ~ 

The associated value is an estimated quantity. 

Result qualified due to blank contamination for results below the 

RDL. 

The associated value is considered undetected at an elevated 

level of detection. 

The associated value is presumptively estimated. 

The associated value is considered estimated at an elevated level 

of detection. 

The data are unusable (Note: analyte may or may not be present). 

TA-2.1.3 Other Actinide Data Not Stored in the Soil and Water Database 

The majority of environmental media data presented in this report were extracted directly from 

the S W D  described above in the fall of 2000. However, the data sets described below are 

presented in this report but were not archived in SWD at the time the data queries were 

performed. Since these data did not come Qrectly from the SWD, they are included on the CD- 

ROM at the back of this Technical Appendix. 
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Sediment data in lower Walnut Creek, east of the detention pond system and west of the Site e 
boundary at Indiana Street, were not stored in S W D  when the sediment data queries were made 

(September, 2000). These data, presented in Section TA-2.5, were previously reported in 

Progress Report #2 to the Source Evaluation and Preliminary Mitigation Plan for Walnut Creek 

(Rocky Mountain Remediation Services [RMRS], 1998). The process to add these data to the 

SWD has since been initiated (Dunstan, 2000). 

Results from individual surface water samples, including composited samples described in 

Section TA-2.7.4, are stored in SWD. Average annual actinide concentrations, actinide loads 

and water yields presented in Section TA-2.7 are not stored in SWD. These values were 

calculated from data sets stored and maintained by the Kaiser-Hill Environmental Media 

Management organization; 

Sum-of-Ratios data reflect the combined total activity of Pu-239/240, Am-241, U-2333/234, 

U-235 and U-238 and their relationship to RFCA surface soil Action Levels dscussed. The 

Sum-of-Ratios data were calculated from the same S W D  data sub-sets used to produce the 

surface soil actinide maps described in TA-2.3.3. Sum-of Ratios maps and text were 

contributed to this report later than other data sets and are therefore described and presented 

as an attachment to this Technical Appendix (Attachment A). Future versions of this 

Technical Appendix will integrate the Sum-of-Ratios data and maps into the main body of 

the document; and 

Detailed information on uses of U within Site buildings is presented in Attachment B to this 

Technical Appendix. The U information was contributed to this report later than other data 

sets. Future versions of this Technical Appendix may integrate this specific U data into the 

main body of the document. 

It should be recognized that the data described in Sections TA-2.1.2 and TA-2.1.3 are from 

multiple, previously established Site data sets and from other data sets compiled for the purposes 

of this study. These data sets were not all created using the same criteria for data acceptability. 
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If standardized data sets are ultimately established and accepted for each of the environmental 

media at the Site, then future versions of this report would utilize these data. 

TA-2.2 LOCATIONS OF ACTINIDE SOURCES 

TA-2.2.1 Process Used To Identify Actinide Sources 

Formal efforts to document the extent of Site contamination were established with the signing of 

the Interagency Agreement (IAG) in 1991. At that time, Solid Waste Management Units 

(SWMUs), initially identified in 1985 by the DOE Los Alamos Operations Office, were re- 

named as Individual Hazardous Substance Sites (MSSs) (Kaiser-Hill, 2000b). MSS is a term 

defined under CERCLA and the IAG as “locations associated with a release or threat of release 

of hazardous substances that may cause harm to human healthlor the environment.” It should be 

noted that the MSS locations involve a wide range of contaminants that are not limited to 

actinides and, therefore, the actinide sources are a subset of all the sources identified on the Site. 

In accordance with the IAG, a Historical Release Report (HRR) was developed. The original 

intent of the HRR was to capture existing information on historical incidents and plant practices 

involving hazardous substances at RFETS. Additionally, the IAG required that the HRR 

reporting process continue quarterly for reporting of new or newly identified releases of 

hazardous substances to the environment (now identified as Potential Areas of Concern or PACs) 

(Kaiser-Hill, 2000b). Following the signing of RFCA in 1996, the earlier IAG requirements for 

updating the HRR were continued. However, it was agreed that reporting would be required on 

an annual basis instead of quarterly. 

For purposes of the HRR process and mapping clarity, original IHSSs were designated a unique 

“PAC Area” prefix number based on the location within 14 geographic sub-divisions at the Site. 

For example, MSS 123.1, located in the 700 Area of the Site, is designated as PAC 700-123.1. 

An area where there has been a post-1992 release or finding of a hazardous substance in the 

environment is also assigned a PAC area prefix number followed by the next numerically higher 

PAC reference number for that area. The areas referred to as PACs are equivalent to MSSs in 
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terms of being CERCLA sites requiring management through the HRR and CERCLA reporting 

process. Large PAC areas (i.e., PACS which cross geographic PAC boundaries) such as the 

Original Process Waste Lines (OPWL; PAC#000-121) have been assigned a 000 prefix due to 

their boundary extent (Kaiser-Hill, 2000b). 

In addition to the IHSSs, potential Under Building Contamination (UBC) sites were also 

discussed in the original HRR (DOE, 1992). UBC location designations were necessary due to 

the potential contamination under specific buildmgs from broken process waste lines or other 

potential sources related to the historic operations in a particular building (Kaiser-Hill, 2000b). 

A subset of the sites identified in the HRR was developed for this report that contains actinide 

sources only. The HRR documents and corresponding maps dating from 1992 through 1999 

were carefully reviewed to identify potential actinide sources (DOE, 1992; DOE, 1993; DOE, 

1994; DOE, 1995a; Kaiser-Hill, 1996; Kaiser-Hill, 1997; Kaiser-Hill, 1998a; Kaiser-fill, 1999). 

Personnel from the Kaiser-Hill Environmental Remediation organization were consulted during 

the data review process to confirm that the appropriate resources for Site information were being 

utilized. Data from the review was entered into a Microsoft@ Excel spreadsheet. The 

spreadsheet contains columns for the MSS, Operable Unit (OU) and PAC designations (Table 

TA-2-2) and continues with the source description (unit name), actinide type and the HRR in 

which the source was originally identified. Finally, the status of each IHSS, including update 

information from the HRR and Proposed No Further Action (NFA) or Recommended NFA 

designation was entered. References in the HRR were double-checked to ensure all the sources 

were accounted for and entered correctly into the database. The spreadsheet (Table TA-2-2) was 

sorted into the following five categories: 

0 

Active actinide sites. Site in this category are under consideration for future remedial action, 

which might include a further action detennination; 

UBC locations; 

Proposed NFA sites; e 
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Potential Incidents of Concern (PIC); PIC locations, which were referenced in the earlier 

versions of the HRR and included in the database, are not included in the table. PICs were 

locations determined by DOE and the regulatory agencies in the mid-1990’s to not warrant 

further action; and 

Recommended NFA sites. NFA sites are those locations where no further remedial action is 

warranted as determined by DOE and the regulatory agencies. However, final, approved 

NFA status cannot be granted until the Final Record of Decision for the Site is approved. 

NFA determinations are documented in the HRR. 

An additional table was created to link S W D  actinide data from surface soils and sub-surface 

soils, presented later in Section TA-2, to MSS and UBC locations. A sample page from the table 

is shown in Table TA-2-3. Actinide concentration values in the table are color-coded according 

to the color scheme used on the figures. The complete color-coded table with all of the source 

locations and all of the environmental media actinide data associated with the sources is 

approximately 70 pages long. The entire color-coded table is on the CD-ROM included with this 

Technical Appendix. 

April 2002 2-10 



a 

Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I OS-01 

Annual 1998 
400- West Loading Dock, Building 447 U235. U238 HRR NIA NIA 
116.1 

400- South Loading Dock, Building 444 U235. U238 HRR N/A NIA 
116.2 

500- North Site Chemical Storage U HRR NIA NIA 
117.1 

(IAG Name: West Loading Dcck 
Area) 

(IAG Name: South Loading Dock 
Area) 

600- Fiberglassing Area North of Pu. Am. U HRR NIA N/A 

ctiye Source Locations ~ i , *  Z r  

000-101 207 Solar Evaporation Ponds Pu. U HRR Quarterly 9. NIA N/A 
Quarterly 11, 

Table TA-2-2. Table of Actinide Sources 

T-2. T-3. T-10. T- 

128 IA 300-128 Oil Bum Pit No. 1 u238 HRR N/A N/A 
131 IA 700-131 Radioactive Site - 700 Area Site Pu HRR N/A N/A 

132 IA 700-132 Radioactive Site - 700 Area Site U23412351238, HRR Annual 1996 N/A NIA 
#1 

#4 PU238/2391240, (000-1 21 ), 
Pu2411242. Am241 Annual 1997 

Table - page 1 of 9 
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IHSS OU PAC bscription Actinide Type Info. Updated Proposed Recornmen 
(Unit Name) Source NFA . NFA 

136.1 IA 400- Cooling Tower Pond West of U238 HRR WA N/A 
136.1 Building 444 (IAG Name: Cooling 

Tower Pond Notiheast Corner of 
Building 460) 

Building 444 (IAG Name: Cooling 
Tower Pond West of Building 480) 

136.2 IA 400- CoolingTowerPondEastof U238 HRR NIA N/A 
138.2 

N/A 

Table TA-2-2. Table of Actinide Sources (continued) 

150.2 IA 700- Radioactive Site West of Pu HRR WA WA 
150.2 Buildings 771 and 776 (IAG 

Name: Radioactive Leak West of 
Building 771) 

Buildings 771 8 774 (IAG Name: 
Radioactive Leak Between 
Buildings 771 8 774) 

150.3 IA 700- RadioadiveSieBetween Pu HRR NIA WA 
150.3 

150.4 IA 700- RadioactiveSteNorthwestOf PU HRR WA WA 
150.4 Building 750 (IAG Name: 

Radioactive Leak East of Building 
750) 

Table - page 2 of 9 
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Table TA-2-2. Table of Actinide Sources (continued) 

Radioactive Leak Northeast of 

Hazardous Waste From Tank 

Table - page 3 of 9 
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IHSS OU PAC Description Actinide Type Info. Updated 
(Udt Nq.e) Source 

NA IA 000505 StonDdns U238 Annual 1999 

Proposed Recornmen 
NFA . NFA 
N/A NIA 

111.6 

111.7 

111.8 

BZ NE-111.6 l r ~ 1 ~ h T - 9  Pu. U HRR NIA NIA 

BZ NE-111.7 T~nchT-10 Pu. U HRR NIA N/A 

BZ NE-111.8 Tmnchl-11 Pu. U HRR N/A NIA 

April 2002 
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Table TA-2-2. Table of Actinide Sources (continued) 

IHSS 119.1) i.e., Deferred 

Table - page 5 of 9 
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Table TA-2-2. Table of Actinide Sources (continued) 

Table - page 6 of 9 
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117.3 

123.1 

Table TA-2-2. Table of Actinide Sources (continued) 

IA 600-117.3 Chemical Storage-South Site Pu HRR Annual 1997 Annual 1997 N/A 

IA 700-123.1 Valvevault7 U HRR Annual 1997 Annual 1997 tVA 

147.2 

150.5 

~ 

IA 800-147.2 Bldg. Conversion Activity u235, u238 HRR Annual 1 997 Annual 1997 N/A ’ 
Contamination Area (IAG Name: 
Owen A m )  

707 (IAG Name: Radioactive Leak 
West of Buildina 707) 

IA 700-150.5 Radioactive Sie West of Building U HRR Annual 1998 Annual 1998 N/A 

1156.1 IIA 1300-156.1 

I I  ICentral Avenue 

Building 371 Parking Lot (2 Pu. u 
. 

Pu 

PU23Q1241, Am241, 
u235 
U 

locations designated on Plate #Z) 
‘Radioactive Slab from Bldp. 776 
Buildinp 334 Cargo Container Area 
Seep Area Near OU-2 Influent 

Building 371 Dtum Storage Area. 
Unt 63 (deferred to Part Vlll of the 
RFETS RCRA Mixed Residues 
Modification; see Annual 1997) 

I I I 

HRR Annual 1997 Annual 1997 N/A 

HRR Annual 1997 Annual 1997 NIA 
HRR Annual 1997 Annual 1997 NIA 
Quarterly 9 Annual 1999 Annual 1Q9Q N/A 

HRR Annual 1997 Annual 1997 N/A 

NA 900-1312 

Building 666 

OU-2 Water Spill 

Annual is98 

Annual 1999 Annual 1999 N/A 

NA - 
1 09 

110 - 
111.1 - 
113 
140 
- 

- 
170 

1740 

183 
216.2 
- - 

1 IA 900-1315 Tanker Twck Release on East Quarterly 10 
Patrol Road, North of Spruce Ave. 

BZ 800-109 Trench T-2 - Ryan’s P i  Pu. u HRR 

BZ NE-110 TrenchT-3 Pu. u HRR 

BZ NE-111.1 TrenchT4 Pu. u HRR 

BZ 900-113 MWndArea Pu.U235,U238 HRR 
BZ 900-140 Hazardous Disposal Site (IAG Pu23Q/240. Am241, HRR 

Name: Reactive Metal Destruction U233/234/w/238 
Site) 

BZ NW-170 PUBD Storage Yard - Waste Spills unknown HRR 

BZ NW-174B PUBD Container Storage Facilities unknown I HRR I I I 
I I I I 

BZ 1900-183 IGasDetoxificatbnArea IPU 1 HRR 
BZ INE-216.2 IEastSprayField-CenterArea I P u . h  IHRR 

Quarterly 11 Quarterly 11 I 
Annual 1986. Annual 1997 NIA 
Annual 1997 
Annual 1996, Annual 1997 NIA 
Annual 1997 
Annual 1996. Annual 1997 N/A 
Annual 1997 
Annual 1997 Annual 1997 NIA 
Annual 1997. hnud 1898 N/A 
Annual 1998 

Annual 1997. Annual 1998. N/A 
Annual 1998 Annual 1899 
Annual 1997. Annual lQQ& N/A 

Annual 1997 lAnnual1997 I NIA 

Table - page 7 of 9 
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Table TA-2-2. Table of Actinide Sources (continued) 

Table - page 8 of 9 
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Table TA-2-2. Table of Actinide Sources (continuer 0 

AREA 1 

AREA 2 
200 HRR 

201 HRR 

202 3 OFFSITE MowerReservoir Pu HRR 

102 1 800-102 OdSludgePI HRR 

104 1 800-104 LquidDumping Unknown HRR 

AREA4 

I I  I I I 

106 1 8W106 Bldg.881.Outfall Pu. Am HRR 

107 1 800-107 Bldg. 881. Hillside Oil Leak Pu HRR 

119.2 1 900-119.2 East Scrap Metal Storage Area and U HRR 
Solvent Spill 

East of Bldg. 881 
130 1 900-130 congminatedsoilDisposalArea Pu HRR 

145 1 800-145 SanitawWasteLineLeak HRR 

€PA. 1992 

CADIROD 

CADIROD 

CADIROD 

CADIROD 

CADIROD 

CADIROD 

CADIROD 

Annual 1996 OU 15 

Annual I996 OU 15 

Annual 1996 ou 11 

Annual 1997 OU 3 

Annual 1997 OU 3 

Annual 1997 OU 3 

Annual 1997 OU 3 

Annual 1997 ou 1 

Annual 1997 ou 1 
CADIROD 

Annual 1997 ou 1 
CADIROD 

Annual 1997 ou 1 
CADIROD 
ou 1 Annual 1996 

Annual 1997 CADIROD 
Annual 1997 ou 1 

CADIROD 
Annual 1997 0u1 

cmmoo 

Table - page 9 of 9 
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Table TA-2-3. Actinide Source Locations With Associated Surface and Sub- 
Surface Soil Data (Sample Page) 
I 1 I -  I I I 

April 2002 

Table - page 1 of 1 (Complete table on CD-ROM with report) 
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TA-2.2.2 Actinide Source Maps e 
Two maps, at different scales, were created to show the actinide source locations identified by 

the review of HRR records. Figure TA-2-1 shows the actinide source locations for the entire 

Site. Figure TA-2-2 provides a smaller scale map near the Industrial Area, where the majority of 

the sources are located. This map includes the detention pond system. Both maps depict 

“active” actinide locations (including process waste line systems), UBC sites, proposed NFA 

sites and recommended NFA sites. Numbers associated with the different source locations 

correspond with the source identification numbers listed in Table TA-2-2. The numbering 

system used to denote the different sources was described in Section TA-2.2.1. 

The actinide source maps, similar to other maps presented in this section, have surface water 

drainage basins delineated to identify the drainage in which each source is located. 

TA-2.3 SURFACE SOIL ACTINIDE CONCENTRATIONS 

0 TA-2.3.1 Background Surface Soil Actinide Concentrations 

Surface soil, as defined in RFCA, is the upper six inches of soil (DOE, 2000). Background 

values for actinide activities in surface soil come from the Geochemical Chracterization of 

Background Surface Soils: Background Soils Characterization Program report (EG&G, 1995). 

These levels are presented in Table TA-2-4. Background activity for the U isotopes is associated 

with naturally-occuning U in the soils and underlying geologic formations whereas background 

Pu and Am is associated with global fallout from historic nuclear testing. 

’ 
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Analyte 

P~-239/240 

Table TA-2-4. Background Surface Soil Actinide Concentrations 

# of Maximum Minimum Std. Deviation 
samples (pCi/g) (PCW (PCi/9) 

50 0.07 0.02 0.01 

U-235 

U-238 

Am-241 I50 1 0.03 I 0.00 I 0.01 

20 0.1 1 0.03 0.02 

20 2.60 0.74 0.46 

U-233/234 ' 120 I 3.10 I 0.60 I 0.58 

TA-2.3.2 RFCA Action Levels 

RFCA surface soil action levels are defined in Attachment 5 of RFCA (DOE, 2000) and 

presented in Table TA-2-5. The surface soil action levels have been calculated using a two-tier 

approach based on protection of appropriate human exposure. Tier II Action Levels are more 

restrictive than Tier I Action Levels. 

Tier I surface soil action levels for radionuclides are the more conservative of 

0 An annual radiation dose of 15 millirem (mrem) per year for the appropriate land use 

receptor; or 

0 An annual radiation dose of 85 mrem for a hypothetical future resident assuming failure of 

passive control measure. 

The total dose from multiple radionuclides will be accounted for by applying the sum-of- 

ratios method (DOE, 2000). 

Tier II surface soil Action Levels are based on: 
I 

An annual radiation dose of 15 mrem to a hypothetical future resident. 
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The total dose from multiple radionuclides will be accounted for by applying the sum-of- 

ratios method (DOE, 2000). 

RFCA also specifies that surface soil may need to be remediated or managed to protect surface 

water quality via runoff or ecological resources. The amount of soil and the protective 

remediation levels and/or management technique will be determined on a case-by-case basis 

(DOE, 2000). 

Table TA-2-5. RFCA Surface Soil Action Levels 

Notes: 
[a] Based on annual dose limit of 15 m m  to an office worker. 

[b] Based on an annual dose limit of 85 mrem to a hypothetical future resident. 

[c] Based on an annual dose limit of 15 mrem to a hypothetical future resident. 

These values apply to single radionuclides only. In order to account for the total dose from multiple radionuclides, sum-of-ratios calculations will 

be applied to all radionuclides that are present above background. Actual values that trigger actions will therefore likely be lower than the values 

listed in this table (DOE, 2000). 

TA-2.3.3 RFETS Surface Soil Actinide Figures 

Figure TA-2-3 through Figure TA-2-7 present results of surface soil sampling for Pu-2391240, 

Am-241, U-233/234, U-235 and U-238 at discrete locations. Surface water drainage sub-basins 

are delineated to indicate the drainage basin in which specific surface soil samples were 

collected. For the surface soil figures, as well as the sub-surface soil and sediment figures 

presented in later sub-sections, the following ten categories of actinide concentrations (pCi/g) 

were established for the data presentation: 
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Less than 0.01; 

0.01 to 0.05; 

0.05 to 0.1; 

0.1 to 0.5; 

0.5 to 1.0; 

1.0 to 5.0; 

5.0 to 10; 

10 to 100; 

100 to 1000; and 

greater than 1000. 
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The distribution of surface soil sample results for each actinide is displayed in a histogram in the 

legend of each actinide-specific surface soil map. Each histogram shows the relationship of 

measured actinide concentrations to the: 

Analytical Required Detection Limit (RDL); 

Background concentrations in surface soil for the actinide data displayed; and 

RFCA Tier I and Tier II Action Levels. 

Figure TA-2-8 through Figure TA-2-12 depict estimated spatial concentrations of pU-239/240, 

Am-241, U-233/234, U-235 and U-238, respectively, in surface soil at RFETS that were 

calculated by a geostatistical analysis process, called kriging, using the discrete data points. For 

these maps, the Site is divided into individual “blocks” of 75 feet by 75 feet that are shaded with 

colors representing the estimated average concentration over each block area. Section TA-2.3.5 

provides a description of the geostatistical analysis process used to generate the values plotted in 

the maps. 
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TA-2.3.4 Surface Soil Data Query Process 

Surface soil sample data presented in this report were originally compiled into data sets for two 

other, independent projects. The first data set, for Pu and Am surface soil data, was queried from 

SWD in the fall of 1999 for the development of an RFETS erosion and sediment transport model 

(Kaiser-Hill, 2000d). The second data set, for U isotopic surface soil data, was queried from 

S W D  in the fall of 2000 by Kaiser-Hill Media Management for the Site-wide Dose Assessment 

project (Kaiser-Hill, 2001a). Data quality criteria applied to these data sets are described below. 

Sample results with a rejected data qualifier, indicating a rejected analytical result, were 

excluded from both the PdAm and the U data sets (see Table TA-2-1). All of the remaining 

non-rejected samples were included in both of the data sets. Where multiple sample results 

existed for one location, the sample with the maximum activity was used for that location. 

Further details on the methodologies used to collect surface soil data and geostatistical analyses.. 

of these data are discussed in the following sub-sections. 

TA-2.3.5 Surface Soil Data Description 

A total of 2,468 Pu-239/240,2,262 Am-241 and 1,182 U-233/234, U-235 and U-238 surface soil 

samples met the acceptance criteria discussed in TA-2.3.4 and were used to evaluate actinide 

concentrations across the Site. The data sets include samples dating from June 1991 through 

September 1999 and incorporate samples analyzed by both laboratory and, in the case of certain 

Am-241 samples, field High Purity Germanium (HPGe) spectrometry techniques. Pu-2391240 

estimated activities were derived from the Am-241 values in those locations where the HPGe 

spectrometery technique was used ( R M R S ,  1999). Summary statistics for the Site surface soil 

sample data set are shown in Table TA-2-6. 
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U-235 
( P C W  

1,182 

Non-Detect 

670 

0.74 

19.6 

0.049 

Table TA-2-6. Summary Statistics for Surface Soil Data Set 

U-238 
( P C W  

1,182 

Non-Detect 

38,000 

37.7 

1108 

0.978 

I statistic I Actinide 
Pu-239/240 

2468 

Non-Detect 

152,260 

145.8 

3146 

( P W )  
Am-241 U-2331234 
(PCil9) ( P W )  

2262 1,182 

Non-Detect Non-Detect 

31,670 2,800 

27.7 4.2 

677 82 

Minimum 

1 Number of 
Sample Data 

Maximum 

Median I 1092 

Mean 

227 0.94 

Std. Deviation 

In summary, the surface soil data sets do not include sample results with a rejected data qualifier. 

All of the remaining non-rejected samples were utilized, including those sample results that were 

not validated. In cases where multiple sample results existed for one location, the sample with 

the maximum activity was used for display on the figure. 

TvDes of Surface Soil Sample Data 

The data used in the Site-wide surface soil analysis represent several sampling events and sample 

types. Sample types include the following: 

Discrete grab samples; 

Rocky Hats method (composite); 

Colorado Department of Public Health and the Environment (CDPHE) method (composite); 

and 

HPGe spectrometry (for Pu and Am only). 
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For the composite samples, two different methods were used (DOE, 1995b). The first, known as 

the Rocky Flats method, involved removing soil in a 10 by 10-cm square to a depth of 5-cm. 

Five such square areas were combined to create a composite sample representative of the center 

of the sampling grid. Similarly, the CDPHE method took 25 six by five-cm rectangles 0.64-cm 

deep and composited them to form a sample. HPGe spectrometry data, used to measure Am-241 

and, by correlation, to estimate Pu-239/240 activities, represent surface soil surveys of actinide 

concentrations over a 10-meter (m) diameter circular area (RMRS, 1999). 

TA-2.3.6 Geostatistical Analyses of Surface Soil Samples 

Geostatistical analyses were performed on the Pu-239/240, Am-241, U-233/234, U-235 and U- 
238 sample data for surface soil concentrations at RFETS. Geostatistical analyses, including the 

techniques of variograms and kriging, are commonly used approaches when sample data exist in 

a large spatial area, such as the RFETS (Myers, 1997). Spatial data require special analytical 

techniques in order to extract the maximum amount of information available from the data and to 

minimize the uncertainty associated with concentration estimates and contaminant distribution 

maps. Geostatistical techniques have proved to be especially appropriate in the analysis of 

spatial data and in the assessment of uncertainty. 

Variabilitv of Surface Soil Sample Data 

Sample Data Variabilitv Due to Samde SUDDO~. As described above, sample data were 

composed of differing physical sizes (areas or volumes). The physical size, shape and 

orientation of a sample are referred to as the sample support (Pitard, 1993; Myers, 1997). 

Typically, samples with larger support have less variability than samples with smaller support. 

This support-related characteristic was observed in the three data types. Grab samples exhibited 

the greatest variability, composite samples showed less variability and HPGe samples had the 

least variability. The variability of the various sample supports is also related to the spatial 

location of the differently-sized supports. This spatial relationship is described in the next 

paragraph. 
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e 
Spatial Variability of Sample Data. The distribution of the actinide concentrations in surface 

soils at the Site is relatively consistent in many areas, but highly variable in others. In addition, 

the variability is dependent on the specific actinide. 

For Pu and Am, variability is especially high in areas known to be sources, such as the 903 Pad. 

In locations quite distant or upwind from the source areas, variability is relatively low. Because 

of this spatial variability, the Pu and Am data were separated into different spatial areas, called 

domains, for the geostatistical analysis. 

The first domain for the Pu and Am data are the 903 Pad and Site locations generally to the east 

and south of the Pad. The northern boundary of this domain runs approximately parallel to 

Central Avenue, with the southern boundary running approximately west to east just south of the 

SID. The eastern boundary is Indiana Street. Sample data in this domain show Pu-2391240 

concentrations above 10 pCi/g for much of the area from the 903 Pad eastward to within 1,000 ft 

(305 meters [m]) of Indiana Street. Am-241 concentrations range between 1 and 5 pCi/g over 

much of the same area. Extreme actinide concentrations and concentration variability are 

exhibited at and around the 903 Pad, with generally decreasing concentrations to the east. 

The second data analysis domain for Pu and Am is the region outside of the 903 Pad domain. 

This area away from the 903 Pad contains sample concentrations mostly below 10 pCi/g with 

lower spatial variability than the 903 Pad region. 

In the case of the U isotopes, source areas include the 903 Pad as well as the Old Landfill and 

Ash Pits southwest of the Industrial Area. Site-wide, the U isotopes showed a broad trend, with 

generally higher concentrations to the west and gradually diminishing concentrations to the east. 

One notable anomaly to this trend is the southeast comer of the Site, where some concentrations 

were more similar to those observed in the western areas. 

The Site-wide actinide data indicated a highly-skewed, lognormal-type distribution. These 

attributes are typical of environmental contaminant data, with a large number of the data 
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showing low concentrations and a small number showing higher concentrations combined with a 

few extreme values. Actinide data span approximately eight orders of magnitude. 

For all of the actinides, this wide variation in the data range is primarily the result of mixing 

sample populations at the Site (i.e., background activity samples combined with Site-influenced 

samples). Over much of the Site, actinide concentrations are quite low and may well be thought 

of as background concentrations. However, Site activities appear to have introduced additional 

actinides into Site soils, particularly in the original Landfill, Ash Pits, the 903 Pad area and 

around buildings where actinides were used or stored. Non-anthropogenic sources (background) 

do not exhibit actinide concentrations that approach the Tier 2 action levels, with these 

concentrations typically falling one to four orders of magnitude below the Tier 2 action levels. 

Actinide concentrations that approach Tier 2 action levels are associated with anthropogenic 

activities. 

Surface Soil Sample Varioaram Analysis 

Variogram analysis, or variography, is a fundamental step in a geostatistical analysis to quantify 

the degree of spatial variability of the contamination. Because significant spatial variation is 

exhibited by the sample data, variographic analysis was performed on the RFETS surface soil 

data for each of the actinides. It has been widely documented in the earth and environmental 

sciences that nearby samples generally have concentrations more similar than samples that are 

further apart (Matheron, 1965; David, 1977; Isaaks and Srivastava, 1987; Litaor, 1995; Myers, 

1997). In statistical terms, this means that the samples are correlated. Correlation is useful 

information that can be captured and used to minimize estimation errors of contaminant 

concentrations. Variogram analysis performs the task of capturing correlation information by 

comparing sample data at different &stance intervals. Generally, as the distance between 

samples increases, the variability also increases, with a corresponding decrease in the correlation. 

Eventually, at some distance, the variability reaches a maximum, indicating that correlation 

between samples no longer exists and that samples are independent. 
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For Pu and Am, variography was performed on the data in the Site and plume domains 

separately. The reason for this is the substantial difference in the spatial data variability between 

the two domains as well as the various sample supports. Because the HPGe data are less prone 

to sampling and sub-sampling errors due to the larger sample support size (pitard, 1993), only 

the HPGe data were used in the Pu-239/240 variogram analysis for the plume area. Due to lower 

Am-241 concentrations and lower variability, data from the 903 Pad as well as the HPGe data 

were used for the Am-241 variograms. 

For the U isotope data, variography was performed on a Site-wide basis. The relatively small, 

localized areas exhibiting U concentrations considerably above background and/or greater than 

Tier 2 levels (Landfill, Ash Pits and 903 Pad) did not contain sufficient data to justify separate 

variographic analysis. 

For each actinide, five different directions were analyzed: north-south, northeast-southwest, east- 

west, northwest-southeast and an omni-directional variogram (all directions simultaneously). 

Experience has shown that the spatial variability can differ dramatically in different directions; 

thus, it is appropriate to investigate several directions during the variogram analysis. Situations 

where the variability is equal in all directions produce variograms that are said to be isotropic 

and the spatial continuity can be visualized as circular. Situations where variability is not equal 

in all directions produce anisotropic variograms, with a short and long axis of spatial continuity 

and can be visualized as elliptical in nature. Anisotropic variogams were found for both Pu- 

239/240 and Am-241 data in both domains and for each of the U isotopes in the one domain 

analyzed for U. 

Due to the high variabiIity in the data in some areas, several types of variogram analyses were 

also performed. Different types of variogram analyses can often mitigate the influence of the 

high variability of the sample data values. For data in the Site and plume domains, variograms 

for untransformed data were analyzed. In addition, general relative variograms, local relative 

variograms and logarithmic variograms were also run in the Site and plume domains. The 

variogram graphs indicated that the best results were for the untransfonned data. Variogram 
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graphs for the Site-wide analysis appear in Figure TA-2-13 through Figure TA-2-17 for Pu- 
239/240, Am-241, U-2331234, U-235 and U-238, respectively. 

For Pu and Am, variogram graphs in the plume domain exhibit structure similar to that found at 

other environmental sites where there is a small, concentrated contaminant source and where 

wind is a significant dispersion mechanism. For example, lead smelters typically show very high 

concentrations close to the smelter, combined with down-wind contamination dispersion. In 

such cases, the variogram graphs tend to rise very quickly from the origin for a short distance, 

then rise more gradually for a longer distance (Myers, 1985). This type of feature was observed 

in the Pu and Am plume domain variography. For the U isotopes, variogram graphs for each 

isotope exhibit similar structural aspects. Each isotope displayed a more continuous spatial 

structure in the north-south direction as compared to the east-west direction. Because isotopic 

ratios vary considerably, each isotope has a unique variogram anisotropy. Mathematical models 

were fit to the long and short axes of spatial continuity on the variogram graphs for each isotope. 

The mathematical model describes the variability and correlation of the sample data as the 

distance between samples increases. 

The correlation modeled during the variographic analysis is used in the kriging process. 

Numerous types of mathematical equations are available for variogram modeling. For the Site 

and plume variogriyns, the commonly used spherical model was selected to represent the graphs. 

Table TA-2-7 lists the variogram models selected for the long and short axes of spatial continuity 

and the direction of these axes for. each isotope. The equation for the spherical model appears 

below: 

y(h)  = c, + c ----- [all z]  
where: 

y(h) = variance at distance h 

c o  = nugget effect 
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C = spherical component 

a = range of influence 

Sill =C,+C 

Table TA-2-7. Selected Variogram Models 

I Variogram Parameters 
Actinide 

Am-241 

U-233/234 

U-235 

U-238 

~ 

~ Domain tT 
site I 0.20 I 1.55 

Plume 1 0.0 I 7000 

Site 1 0.0 I 5.8 

Plume I 25 I 70 

Site 

Site 

175 I 53 

250 I 76 

I a;l;: Direction 

700 213 q& 
=F-F 375 114 

E-W I 1000 1 305 

E-W I 900 I 274 

E-W I 600 I 183 

Direction 7 - 1  
NE-SW 

-+I 
N-S 

The nugget effect indicates that there is variability even at a distance of zero, demonstrating that 

extreme variability may occur over very sort distances. It is also an indication of sampling and 

analytical error. No nugget effect was observed for the Pu-239/240 plume data set and a 

relatively small nugget effect (approximately 10 to 25 % of the sill value) was observed for the 

pU-239/240 Site data set. For Am-241, no nugget effect was observed for the Site data set and a 

relatively small effect was observed for the plume data set. Significant nugget effects, ranging 

from approximately 25 to 40 %, were observed for each of the U isotopes. 

In summary, both Pu-239/240 and Am-241 data produced variograms exhibiting significant 

spatial correlation in both the Site and plume domains. The raw, untransformed data were used 

to produce the variograms and logarithmic transformation was not necessary. The U-2331234, 
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U-235 and U-238 data produced variograms exhibiting significant spatial correlation for the Site- 
I O  

wide domain (as previously noted, a plume domain was not produced for the U data). The raw, 

untransformed data were used to produce the variograms, with each of the isotopes exhibiting 

significant nugget effects and anisotropies. 

Surface Soil Data Kriaing 

Kriaina Process 

Because it is not practical to sample the surface soil of e :ry square meter at the Site, existing 

sample data must be used to estimate the concentrations of Pu-2391240, Am-241, U-233/234, U- 

235 and U-238 at locations that have not been sampled. Various computerized estimation 

techniques have been developed for this purpose. The geostatistical technique known as kriging 

was selected to perform the estimation of the sample data at the RFETS. 

Krigmg offers many advantages over other estimators. Among these is the fact that knging is a 

best linear unbiased estimator (BLUE). A BLUE estimator simply means that the estimation is 

done with the minimum amount of error. Other BLUE estimators exist in statistical analysis, 

including the well-known linear regression equation. Krigmg is a BLUE that has been specially 

adapted to handle spatial data estimation. As indicated, knging is also unbiased, meaning that 

the technique does not systematically over- or under-estimate the soils contaminant 

concentrations. 

0 

a g i n g  uses variogram models, such as those in Table TA-2-7, to optimize the estimation and to 

minimize the estimation errors. During the kriging process, the kriging program searches for 

samples that are closest to the unsampled area being estimated. a g i n g  recognizes that samples 

closest to the area being estimated should be given more weight than samples further away. The 

kriging program calculates the optimal weighting system for the available samples and derives 

an optimal estimate of the actinide concentration at the unsampled location. 

Models created with any interpolator, including kriging, are subject to certain problems. One 

such problem is variable sample density. In areas of abundant data, interpolating systems a 
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generally perform well. More difficulties are experienced, however, in areas of sparse sampling. 

In such areas, available samples are often extrapolated great distances in order to create a 

complete model. This creates uncertainty in the model where sampling is sparse. This problem 

exists in the RFETS Pu, Am and U isotope data sets, with large areas outside the Industrial Area 

that are sparsely sampled. 

Another problem situation occurs when zones of high concentration and/or high variability 

samples are not well bounded by other samples. This situation occurs in several areas at the 

RFETS. Therefore, in the case of Pu-239/240 and Am-241, several kriging domains were 

established. The major domain areas, the Site and the plume, were retained but were further 

subdivided. Within the Site domain, an area to the north and west of the 903 Pad was defined for 

kriging. The impact of Pu-239/240 and Am-241 contamination in this area is thought to be 

significantly less than in the areas to the east of the 903 Pad. This domain was kriged by using 

samples in the Site domain, but not samples from the plume area, which had Pu-239/240 and 

Am-241 concentrations orders of magnitudes higher. The remainder of the Site area was kriged 

as a single unit. The Site variogram models for Pu-239/240 and Am-241 were used in kriging. 

Within the plume domain for Pu-239/240 and Am-241, the 903 Pad was defined as a separate 

domain for kriging. The concentrations and variability of the sample data on the Pad are more 

extreme than at any other portion of the Site. As such, the 903 Pad was kriged using sample data 

exclusively from the 903 Pad area and a limited number of samples from the Site domain. The 

Trench 1 area, also within the plume domain and located north and east of the 903 Pad, has 

undergone remediation and resurfacing. No actual kriging was performed in the Trench 1 area 

because these soils were remediated and assigned a background concentration value. The 

remainder of the plume domain was kriged using the sample data from the plume domain. Both 

the 903 Pad and plume domains were kriged using the plume variogram models for Pu-239/240 

and Am-241. 

With the U isotopes, the highest concentrations are found in the Landfill and Ash Pit areas. At 

least one high concentration sample in each of these areas is on the edge of the sample cluster. 

As such, this high sample value could be extrapolated hundreds of feet beyond the boundary of 
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the facility. A more likely scenario is that these samples represent localized high concentrations e 
resulting from anthropogenic activities, such as placing wastes in these locations and that the 

high-level contamination does not extend outside the boundaries of these facilities. 

To mitigate the problem of excessive extrapolation or inappropriate extension of data beyond 

reasonable areas of influence, discrete limiting boundaries were placed around the landfill, ash 

pit and 903 Pad areas for the U data. High concentration sample data within these boundaries 

were restricted from being used for estimation beyond the boundaries. These high concentration 

samples were used, however, to estimate areas inside the facility boundaries. 

The krigmg performed in each of the five domains of the Site (for Pu-239/240 and Am-241) and 

the three domains (for the three U isotopes) was done using ordinary kriging of block areas. 

Block kriging integrates the estimate of the U isotope concentration over the area of the block. 

Blocks used for kriging measured 22.8 m x 22.8 (75 x 75 ft) in all areas of the Site. Each block 

represents 523 square meters (m2) (5625 [ft2]) in area, or approximately 0.05 hectares (ha) (0.15 

acres [ac]). The concentration estimated for each block represents the average expected activity 

level for the particular U isotope over the entire block. 

Kriuinu Results 

Some notable artifacts exist in the maps of the kriged surface soil actinide activities at RFETS 

(Figure TA-2-8 through Figure TA-2-12), which are related to the sampling density and 

sampling pattern used at the Site. For Pu-239/240, an area of approximately 202 ha (500 ac) on 

the west side of the Site exhibits concentrations between 0.1 and 1.0 pCi/g. This feature is the 

result of limited sampling in the area. Approximately four samples are responsible for this 

artifact. These samples are located along the road running north then northeast from the Raw 

Water Reservoir. No other samples exist between these samples and the Site boundary on the 

west. As such, the concentrations of these samples have a greater influence on the kriged- 

estimated activity to the west. 

Similarly, large areas south of the RFETS facility exhibit Pu-239/240 concentrations between 0.1 

and 5.0 pCi/g. These areas were estimated using approximately 10 to 20 samples. A line of four 

2-35 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I 05-01 

samples running east-west exists approximately 915 m (3,000 ft) north of the southern Site 

boundary and a single sample exists south of the boundary. These five samples are highly 

influential in the estimated concentrations shown on the map, representing approximately 200 ha 

(500 ac). For Am-241, a smaller area of elevated activity representing approximately 40 ha (100 

ac) exists south of the Industrial Area Figure TA-2-9). This artifact results for the same reason 

as described for Pu-2391240. 

For the U isotopes, the Site domain is generally characterized by relatively low concentrations. 

Exceptions to this appear near the Original Landfill, Ash Pits and 903 Pad. Table TA-2-8 lists 

the estimated areas covered by varying concentrations of the different actinides corresponding to 

the kriged maps. 

Table TA-2-8. Estimated Areas for Actinide Concentrations in Surface Soils - 
Based on Kriging Analysis 

Surface Soil 
Actinide 

Concentration 
(PCW 

0.01 to c= 0.05 

0.1 to e= 0.5 

I 1.0 to (n 5.0 

5.0 to <= 10.0 k 10.0 to 100.0 

100.0 to <= 1000.0 

> 1000.0 

Total Area 

Estimated Area 
(Hectares) > 2391 241 2331 235 

12.7 7 ~ 88.5 1 0.07 111.0 I 0.0 

Estimated Area 
(Acres) 

7 I 10.8 1 2.9 I 0.8 I 1.7 I 323.0 I 26.6 I 7.2 I 2.1 1 4.1 I ::: 1 2.1 1 0.6 1 0.2 1 1.3 1 1::; 1 5.3 

0.5 0.2 0.0 0.7 1.2 

2510.2 2510.2 2510.2 2510.2 2510.2 6202.6 6202.6 

1.4 1 ::: 1 ::; I 
0.5 

6202.6 6202.6 6202.6 
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TA-2.4 SUB-SURFACE SOIL ACTINIDE CONCENTRATIONS 

TA-2.4.1 Background Sub-surface Soil Actinide Concentrations 

Sub-surface soils, as defined in RFCA, are those soils deeper than six inches below the ground 

surface (DOE, 2000). Background levels of actinide activity in sub-surface soil come from the 

Background Geochemical Characterization Report (EG&G, 1993). These levels are presented 

in Table TA-2-9. The upper flow system, or UHSU, average background data were used as a 

comparison with sub-surface soils data. The majority of sub-surface soil samples were collected 

within or near the Industrial Area that is situated on the Rocky Flats Alluvium. 

Table TA-2-9. Background Sub-surface Soil Actinide Concentrations 

P~-239/240 

Note: Negative values due to instrument calibration. 

TA-2.4.2 RFCA Action Levels for Sub-Surface Soils 

RFCA Tier I and Tier II Action levels for radionuclides in sub-surface soils are equivalent to the 

corresponding values for surface soil described in TA-2.3.2. To maintain a consistent format for 

each of the environmental media, values for these Action Levels are presented again in Table 

TA-2-10. 
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P~-239/240 

Table TA-2-10. RFCA Sub-surface Soil Action Levels 

Industrial Use [a] Open Space Use [b] 
( P C W  (PCW (PCW 
1088 1429 252 

- 

U-238 506 586 103 

r-- - 209 I 21 5 I 38 

I u-234 Tp-- -1627 I 1738 I 307 

I 113 I 135 I 24 
~~~ ru-235 

[a] Based on annual dose limit of 15 mrem to an ofice worker. 

[b] Based on an annual dose limit of 85 mrem to a hypothetical future resident. 

[c] Based on an annual dose limit of IS mrem to a hypothetical future resident. 

These values apply to single radionuclides only. In order to account for the total dose from multiple radionuclides, sum-of-ratios calculations will 

be applied to all radionuclides that are present above background. Actual values that mgger actions will therefore likely be lower than the values 

listed in this table (DOE, 2OOO). 

TA-2.4.3 RFETS SubSurface Soil Actinide Figures 

Sub-surface soil data are presented in figures that represent horizontal “slices” at six different 

depth intervals. The intervals are: 

0.5 to 2 feet; 
2to4feet; 

0 4to6feet; 
6to8feet; 
8 to 10 feet; and 
greater than 10 feet. 

Therefore, six sub-surface soil figures were created each for Pu-239/240, Am-241, U-233/234, 

U-235 and U-238 (Figure TA-2-11 and Figure TA-247). The multiple figure approach was 

taken because no pattern was identified in the sub-surface soil data that allowed a simpler data 

presentation without first analyzing or interpreting the data. At locations where more than one 
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displayed on the figure. Table TA-2- 1 1 lists the depth interval and the corresponding figure 

number for each respective actinide. A more detailed interpretation is provided in TA-4.3. 

Table TA-2-11. Table of Sub-surface Soil Maps 

Am-241 Figure Figure Figure TA- 

Figure Figure Figure TA- 

U-235 

Note: All Figures at back of Section TA-2. 

Figure Figure Figure TA- 

Figure Figure Figure TA- 

The sub-surface soil figures show the surface water drainage sub-basins and the surface water 

monitoring stations to facilitate analysis of the surface water actinide transport pathway. All of 

the sub-surface soil figures have a histogram in the legend that shows the actinide-concentration 

distribution of sub-surface soil sample results displayed in the figure. Reference values are 

provided for the analytical Required Detection Limit (RDL) and relevant background 

concentrations in sub-surface soil. 

A description of the database query process used to gather and generate the sub-surface soil data 

set is presented in Section TA-2.4.4. 

TA-2.4.4 SubSurface Soil Data Query Process 

A Site-wide sub-surface soil data set was created specifically for this report. It was developed 

from data archived in SWD using multiple queries that are briefly summarized below. The 

Structured Query Language (SQL) code written to perform the queries is contained on the CD- 

ROM included with this Technical Appendix. 
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Initial queries were performed to link S W D  sub-surface sample locations, analytical results and 

sample event information. Sub-surface samples were defined as those collected at depths of 152 

mm (6 in) or greater. These initial queries created a preliminary sub-surface soil data set. 

Sample results with a data qualifier code of “R’, indicating a rejected analytical result, were 

excluded from the data set (see Table TA-2-1). Subsequent queries were performed on the 

remaining, non-rejected data set to eliminate laboratory quality assurance sample results, such as 

rinsates and blanks. Sample results with analytical units inconsistent with soil samples were also 

eliminated from the data set. For example, a sub-surface soil sample result with units of pCi/L 

indicated a water sample was pulled from the sub-surface sampling location. Such a result was 

eliminated during the query process. 

All sub-surface soil records in the S W D  location table are in pairs with a record at a given 

location for top depth of the sample and a record for bottom depth. The average depth for each 

of these sample pairs was calculated and stored in a new field of the data set for this report. 

Six queries were run to create separate tables for Pu-239/240, Am-241, U-233N234, U-235, U- 

238 and Total U. Review of the new tables revealed some records with the same x-y coordinates 

and within the same depth interval. In these cases, the sample with the highest concentration was 

selected for display on the applicable figure. A final table was developed to merge the sample 

locations and analytical results for all the accepted actinide data. This table was used to generate 

the sub-surface soil figures (Figure TA-2-18 through Figure TA-2-47). 

TA-2.4.5 Sub-Surface Soil Data Description 

A total of 972 Pu-239/240,971 Am-241,991 U-233/234,988 U-235 and 991 U-238 sub-surface 

soil samples met the acceptance criteria discussed in TA-2.4.4 and were used to evaluate sub- 

surface soil actinide concentrations across the Site. Summary statistics for the sub-surface soil 

sample data set are shown in Table TA-2-12. 
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Maximum 

Mean 

Std. Deviation 

Median 

Table TA-2-12. Summary Statistics for Sub-surface Soil Data Set 0 

1744.000 208.700 971 .OOO 67.61 0 121 0.000 

3.373 0.648 3.787 0.266 7.672 

60.049 8.354 34.996 2.684 70.435 

0.01 0 0.008 0.934 0.047 0.963 

Analyte # of Miximum Minimum Std. Deviation Mean 
samples ~ (pCi/g) : (pciig) (Pcile) (PCiM , 

Note: Negative results due to instrument calibration 

Am-241 
U-233/234 
U-235 
U-238 

In summary, the sub-surface soil data sets do not include sample results with a rejected data 

qualifier. The remaining non-rejected samples were utilized, including those sample results that 

were not validated. In cases where multiple samples had the same x-y coordinates and were 

within the same depth interval, the sample result with the highest concentration was selected for 

display on the figure. 

35 0.82 -0.01 0.19 0.07 
47 4.50 0.14 1.15 1.68 
49 0.19 0.00 0.05 0.06 
36 3.82 0.13 1.03 1.40 

TA-2.5 SED I M E NT ACT IN ID E CON C E NT RAT I 0 N S I 

TA-2.5.1 Background Sediment Actinide Concentrations 

Background values for actinide activities in sediments are from the Background Geochemical 

Characterization Report (EG&G, 1993). These values are presented in Table TA-2-13. 

Table TA-2-13. Background Sediment Actinide Concentrations 

P~-239/240 I 42 I 2.36 I 0.00 I 0.59 I 0.17 I 
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Pu-2391240 

TA-2.5.2 RFCA Action Levels 

industrial Use [a] Open Space Use [b] 
(PCW (PCW (PCW 
1088 1429 

RFCA Tier I and Tier II Action Levels for radionuclides in sediments are equal to the 

corresponding values for surface soil described in TA-2.3.2. To maintain a consistent format for 

each of the environmental media, values for these Action Levels are presented again in Table 

TA-2- 14. 

Table TA-2-14. RFCA Sediment Action Levels 

Tier I I Tier 11 [c] '1 

I 252 I 
~ 

Am-241 I 209 I 21 5 I 38 I 
u-234 I 1627 I 1738 I 307 I 
U-235 I 113 I 135 I 24 I 
U-238 I 506 I 586 I 103 I 
Values for radionuclides in sediments are equal to the corresponding values in surface soil: 

[a] Based on annual dose limit of 15 mrem to an office worker. 

[b] Based on an annual dose limit of 85 mrem to a hypothetical future resident. 

[c] Based on an annual dose limit of 15 mrem to a hypothetical future resident. 

'Ihese values apply to single radionuclides only. In order to account far the total dose from multiple radionuclides, sum-of-ratios calculations will 

be applied to all radionuclides that are present above background Actual values that trigger actions will therefore likely be lower than the values 
listed in this table. 

TA-2.5.3 RFETS Sediment Actinide Figures 

Figure TA-2-48 through Figure TA-2-52 display results of sediment sampling for pU-239/240, 

Am-241, U-233/234, U-235 and U-238, respectively. The sediment figures show the surface 

water drainage sub-basins and the surface water monitoring stations to facilitate analysis of the 

surface water actinide transport pathway. All of the sediment figures have a histogram in the 

legend that shows the actinide-concentration distribution of sediment sample results displayed. 
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Reference values for each actinide are provided for background concentrations in sediment, 

analytical Required Detection Limit (RDL) and RFCA Tier I and Tier II Action Levels. 

A description of the query process used to generate the sediment data set is presented in Section 

TA-2.5.4. 

TA-2.5.4 Sediment Data Query Process 

A Site-wide sediment data set was created specifically for this report. It was developed from 

data archived in S W D  using multiple queries that are briefly summarized below. The Structured 

Query Language (SQL) code written to perform the queries is contained on the CD-ROM 

included with this Technical Appendix. 

Initial queries were performed to link S W D  sediment sample locations, analytical results and 

sample event information. This created a preliminary sediment data set. Sample results with a 

data qualifier code of “R’, indicating a rejected analytical result, were excluded from the data set 

(see Table TA-2-1). Subsequent queries were performed on the remaining, non-rejected data set 

to eliminate laboratory quality assurance sample results, such as rinsates and blanks. Sample 

results with analytical units inconsistent with soil samples were also eliminated from the data set. 

For example, a soil sample result with units of pCiL indicated a water sample was pulled from 

the sub-surface sampling location. Such a result was eliminated during the query process. 

Non-validated sediment data were not used, even if not rejected, because the ratio of rejected to 

validated data was quite high, nearly 28 %, thereby diminishing the confidence in non-validated 

sediment results. Therefore only validated data, as designated by a “V” data qualifier code (see 

Table TA-2- l), were accepted for further consideration. However, validated results with 

problems, as denoted in the Validation Reason Codes field of the database where validated data 

are further qualified, were also excluded from the data set. Following these queries, the resulting 

records included only validated samples that met the acceptance criteria for this sediment data 

set. 
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The remaining sediment data contained several locations where multiple samples were collected 

at different times. The sample with the maximum actinide concentration was used for display on 

the figure in these cases. A regression analysis was run on all sediment sampling locations 

where three or more Pu-239/240 samples were collected to evaluate if temporal trends were 

evident at any of these locations. Of the eighteen locations where more than three samples were 

collected at different times, three passed a two-sided student’s t-test (alpha of 95 % with the 

hypothesis of x coeffcient <> 0). These three locations showed a small increase in Pu-239/240 

concentration over time. The remaining 15 locations did not display a meaningful trend in Pu- 

239/240 concentration, either increasing or decreasing, over time. 

TA-2.5.5 Sediment Data Description 

A total of 143 Pu-239/240,137 Am-241,132 U-233/234, 131 U-235 and 132 U-238 sediment 

samples met the acceptance criteria discussed in TA-2.5.4 and were used to evaluate sediment 

actinide concentrations across the Site. Summary statistics for the sediment sample data set are 

shown in Table TA-2-15. 

Table TA-2-75. Summary Statistics for Sediment Data Set 

Std. Deviation 85.991 41.986 3.498 0.210 5.804 

Median 0.19 0.07 1.19 0.06 1.29 - 
Note: Negative results reported due to calibration 
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Non-rejected sediment data that were not validated were also not used. Validated results with 

problems, as denoted in the Validation Reason Codes field of the S W D  database, were also 

excluded from the data set. In cases where multiple samples had the same x-y coordinates and 

were collected at different times, the sample result with the highest concentration was selected 

for display on the applicable figure. 

TA-2.6 BUILDING MATERIAL ACTINIDE CONCENTRATIONS 

TA-2.6.1 Background Building Material Actinide Concentrations 

The amount of anthropogenic radioactivity is an essential factor in characterizing, classifying 

and demolishing facilities and malung unrestricted release decisions (Kaiser-Hill, 2002). A 2002 

Site study compiled data on building materials for the purpose of collecting radiological 

background measurement in locations not impacted by RFETS activities (Kaiser-Hill, 2002). 

These areas have been established and qualified by an initial examination process and include 

on-Site and off-Site locations with no histories of radiological contamination or impact due to 

radiological operations. The background reference areas analyzed have been approved by the 

Radiological Background Determination Plan, April 2000 (Kaiser-Hill, 2002). 

@ 

Background alpha activities for six different building materials are presented in Table TA-2-16 

below. On-Site and off-Site sampling results are presented collectively. 

Generally, thirty or more data points are accepted when defining statistical distribution 

characteristics, and therefore it is recommended that background values be derived from data sets 

containing 30 or more measurements. Ultimately, the results indicate on-Site distributions are 

lower than off-Site distributions, thus there is no positive bias due to anthropogenic activity 

(Kaiser-Hill, 2002). 
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Location On-Site Year of Number of 
or Construction Measurements 

Mean 
(p~i/100crn~] 

/Offitel 

~~~~ ~ - 

On-Site 1953 30 

Off-Site 1981 15 

Asphalt and Tar 

23.7 

1.9 National Wind 
Technology Center 

Building 130 On-Site 1985 30 25.5 

National Renewable 

7.9 

Building 131 On-Site 1987 30 

Federal Center 25 Off-Site 1941 15 

15 

9.3 4.5 

19.4 5.9 

I 25.6 

Building 112 On-Site 1953 15 18.7 

Building 130 On-Site 1985 15 22.9 

National Wind Off-Site 1981 15 7.1 
Technology Center 

National Renewable Off-Site 1984 15 8.8 
Energy Laboratories 

Federal Center 25 Off-Site 1941 15 29.9 

Asphalt Shingle 

5.0 

8.2 

5.5 

6.8 

5.9 

Standard 
Deviation 

(pCi/lOOcmi 

(alpha) 

National Wind Off-Site 1981 
Technology Center 

National Renewable Off-Site 1984 
Energy Laboratories 

Federal Center 25 Off-Site 1941 

7.2 

30 13.7 5.7 

15 1.1 2.6 

15 15.5 4.8 

3.8 

8.2 
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~~ ~~ ~ 

Building 335 

National Renewable 
Energy Laboratories 

a 
- 113 

~~ ~ 

On-Site 1970 15 5.8 5.0 

Off-Site 1984 30 7.7 6.8 

Table TA-2-16. Combined Total Sudace Activity Data Summary (continued) 

Federal Center 25 

City of Arvada 
Purchasing/ 

Receiving Bldg. 

I I 

~~ 

Off-Site 1941 15 16.4 10.9 

Off-Site 1956 30 19.9 6.1 

National Wind Off-Site 1981 30 13.7 5.7 

Building 112 On-Site 1953 15 2.7 4.7 

Building 121 On-Site 1983 30 11.9 4.3 

Technology Center 

Building 130 I On-Site I 1985 I 15 I 5.1 I 5.6 

National Wind 
Technology Center 

National Renewable 
Energy Laboratories 

Federal Center 25 

City of Arvada 
Purchasing/ 

Receiving Bldg. 

Building 060 

Off-Site 

Off-Site 

Off-Site 

Off-Site 

On-Site 

1981 30 10.0 8.0 

1984 15 4.8 5.3 

1941 15 3.6 3.3 

1956 30 7.5 5.7 

1988 15 15.9 . 5.3 

Building 120 I On-Site I 1986 I 15 I 19.0 I 5.2 

Building 131 I On-Site I 1987 I 15 I 5.4 I 3.5 

Table - Page 2 of 3 
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Location OnSite Year of 
or Construction 

Off-Site 

Number of Mean Standard 
Measurements (pCi/l OOcm') Deviation 

(pCi/lOOcmZ) 

(alpha) 
(alpha) 

UBC data are not as comprehensive as other actinide data presented in this report. A preliminary 

characterization of the potential UBC near and inside Building 771 is provided in the soil and 

groundwater analytical results. (RFETS, 2001). 

Building 111 On-Site 1953 15 

Building 334 On-Site 1953 30 

Building 864 On-Site 1953 15 

National Wind Off-Site 1981 15 
Technology Center 
National Renewable Off-Site 1984 15 
Energy Laboratories 
Federal Center 25 Off-Site 1941 15 

Building 771 was selected to present UBC data based on its historical building operations. In 

1953, operations included machining processes, coating inspections, radiography, residue and 

metal recovery, chemistry and metallurgy research and development and laboratory analysis. 

Building 771 potential for UBC contamination is based upon HRRs and Annual Update 

documents. These data sources were used to select biased sample location inside Building 771 

and identify potential contaminants for sample analysis in support of UBC characterization. Soil 

samples were collected beneath the foundation slab and from 13 locations along the inside 

perimeter of the building and three locations were sampled inside the building. The sixteen 

sample locations are specified in Table TA-2-17. 

7.3 5.3 

4.2 5.7 

2.6 3.6 

1.3 3.4 

4.0 4.1 

1.3 2.2 

April 2002 
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13 

14 

15 

Table TA-2-17. Building 771 UBC Sampling Specifications and Rationale 

NE corner, Bldg. 771 

NE corner, Bldg. 771 

NW comer, Bldg. 771 

1 I SE comer, Bldg. 771 

2 SE comer, Bldg. 771 

3 SE comer, Bldg. 771 

%side, center Bldg. 

SW corner, Bldg. 771 

SW corner, Bldg. 771 

NW comer, Bldg. 771 
~~ 

9 I NW comer, Bldg. 771 :; 1 NW comer, Bldg. 771 

SE comer, Bldg. 771 

NE comer, Bldg. 771 

l2 I 

NE comer, Bldg. 771 

~ u r ~ e :  Kaiser-Hill, 2001b. 

Inside 
Perimeter 

Characteri- 

zation 

nterior Building 

Characteri- 

zation 

Inside 
Perimeter 

Characteri- 
zation 

Manual 
Soil Auger 

1) 0 to 2.0 ft. 

2) 2.0 to 4.0 ft. 

  corridor E; Area flooded during 
Building 776 fire and water line I break, located near building 
isump 

Room 182; FirelSpill related 
releases 

Room 182; Firelspill related 
releases 

Room 182A; Flood area from 
Building 776 fire 

Building 776/771 tunnel airlock; 
Conduit for Building 776 fire and 
water line break 

Room 184; Former storage vaull 

Room 187; Former storage vaull 

Room 188; Former SNM storagc 
vault, early releases 

Room 165; Wall and foundation 
contaminated by 1957 fire 

Room 149; Void space beneath 
building slab 

Room 114; West side of infinity 
room, multiple spills of Pu and 
Pulberyllium 

Room 1468; Multiple nitric acid 
spills 

Room 146C; Multiple nitric acid 
spills 

Corridor H; Near Plenum Deluge 
Catch Tank 

Corridor G; East of Room 
14l/Elevator shaft 

*With the exception of locations, 4 and 6 as noted in Section 3.1 of Kaiser-Hill, 2001b. 
**Sample locations on southern half of Building 771. 

April 2002 
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Analyte Mean Min Max S.D. Bkgd Tier I Tierll  
Action Action 
Level Level 

a Alpha spectrometry was used for soil and groundwater radiological analysis. Background soil 

# of # of # of Unlts 
samples non- detects 

detects 

and groundwater sampling results are included in Table TA-2-18 and Table TA-2-19 below. 

Groundwater samples were taken at locations 3,6,  14 and 16. 

Mean Min Max S.D. Tier1 Tierit #of #of #of AMI@ 
Action Actlon sample non- detects 
Level Level 8 dew 

Table TA-2-18. Building 771 UBC, Soil Sampling Results 

Units 

P~-239/240 0.283 0 1 0.535 ' 0.27 15.1 0.151 4 1 3 1 

Am-241 0.1285 0.309 0.15 14.5 0.145 4 2 2 

1.06 4 0 4 

U-235 0.2597 0 0.467 0.24 101 1.01 4 1 3 

U-238 4.0675 1.21 1 7.35 3.06 76.8 0.768 4 0 4 

O I  
U-233,234 5.35 2.08 8.85 ~ 3.78 106 

i 

P~-239/240 4.98 rr- 

pCi/L 

pCi/L 

pCi/L 

pCi/L 

pCi/L 

U-233,234 1.28 0.68 2.1 

U-238 1 1.11 10.641 1.9 

Table TA-2-19. Building 771 UBC, Groundwater Sampling Results 
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P~-239/240 

Am-241 

U-233/234 

U-235 

U-238 

The soil sample results did not exceed the RFCA Tier I Action Levels for subsurface soil. 

Action Levels do not exist specifically for building materials such as contaminated floor slabs or 

foundations. Groundwater sampling results indicate Pu-2391240, Am-24 1, U-233/234, U-235 

and U-238 were detected above Tier 11 Action Levels at locations 6 and 16. U-233/234 and U- 

238 were detected above the Tier II Action Levels in locations 3 and 14. Generally, the highest 

frequency of actinide exceedances occurred at location 16. Findings imply the locations and 

depths of the contaminants do not suggest a definitive point source of contamination or a 

potential source location because the Tier II exceedances observed in groundwater are from 

locations where surrounding soils and below action levels. Additionally, there is no apparent 

correlation between groundwater contaminant location, type or magnitude with any soil 

contaminant location, type or magnitude (RFETS, 2001). 

105 0.05 -0.02 0.01 0.00 

106 0.04 -0.02 0.01 0.00 

79 3.21 -0.01 0.55 0.49 

75 0.38 -0.03 0.07 0.05 
55 1.82 0.00 0.43 0.36 

TA-2.7 SURFACE WATER ACTINIDE CONCENTRATIONS 

TA-2.7.1 Background Surface Water Actinide Concentrations 

Background levels for actinide activity in surface water are from the Background Geochemical 

Characterization Report (EG&G, 1993). These levels are presented in Table TA-2-20. 

Table TA-2-20, Background Surface Water Actinide Concentrations 

Note: Negative values due to insrmment calibration. 
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Temporary 
Modifications 

P I  
[bl 

TA-2.7.2 RFCA Action Levels 

Basis 

BS 

BS 

ss 

RFCA Action Levels are defined in Attachment 5 of RFCA (DOE, 2000). .For Pu and Am, the 

surface water Action Levels are based on a 1.0 x 

health from direct exposure including consumption. For U, the Action Level is the Site-specific 

standard found in Table 2 of 5 ,  Colorado Code of Regulations (CCR) 1002-8, $3.8.0. It should 

increased carcinogenic risk to human 

be noted that, in contrast to soils the action level for U in surface water is not isotope-specific, 

but rather is for total U. 

Table TA-2-21. RFCA Surface Water Action Levels 

Analyte 

Am-241 
U, Total 

pCi/L pCI/L 

0.15 0.15 
11 10 

Notes: 

[a] The values in this table reflect the classifications and standards approved by the WQCC effective March 2,1997. Radiologic parameters are 

distinguished by drainage basin in Table 2 of 5 CCR 1002-38. All values apply as standards in Segments 4a and 4b and as Action Levels in 

Segment 5.  

[b] The narrative temporary modification for Am and Pu in Segment 5 of Walnut Creek is that concentration that is consistent with attahing the 

numerical water quality standards in segment 4@) of Big Dry Creek. These temporary modifications are effective June 30,1999 and expire 

December31,2000. 

ACRONYMS: BS=Basic Standard, SS=Site-Specific Standard 

TA-2.7.3 RFETS Surface Water Actinide Figures 

For each of the actinides of interest, data are presented from Water Years 1997 through 1999. A 

Water Year is defined as October of the previous year through September. For example, Water 

Year 1997 runs from October 1,1996 through September 30,1997. Data were plotted to 

represent the spatial and temporal variability of the different actinides in surface water at 

RFETS. A unique surface water figure was created for Pu-239/240, Am-241, U-233/234, U-235 

and U-238 (Figure TA-2-53 through Figure TA-2-57, respectively). 

. 
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The actinide load at a particular surface water monitoring station is a function of both the e 
actinide concentration in the water and the volume of water (yield) at the station. For example, a 

station with low actinide concentration can transport a greater actinide load than another station 

with higher concentration if the first station has a greater water yield. Even fallout background 

concentrations in the eroded soil and transported sediment can result in elevated surface water 

actinide activity if there is significant enrichment or if the sediment loads in transport increase. 

This illustrates why both the actinide loads and water yields must be compared simultaneously to 

evaluate the transport of actinides through the Site watersheds. Therefore, for each actinide and 

at each monitoring location, data are presented for actinide load, water yield and actinide 

concentration in the surface water. 

The surface water figures present data for eight different surface water monitoring locations. 

These include: 

Three POE monitoring stations located east of the Industrial Area but upstream from the 

detention ponds (SW093, GSlO and SW027); 

Three POC monitoring stations located downstream from the detention ponds (GS 1 1, GS08 

and GS31); and 

Two POC monitoring stations located at the RFETS eastern boundary along Indiana Street 

(GSOl and GS03). 

For each surface water monitoring location, a pair of charts &splays the surface water actinide 

data. Surface water actinide load data are located on the upper chart of each pair. Water yield 

and surface water actinide concentration data are located on the lower chart of each pair. Further 

details on these three types of surface water data, presented for each actinide and for each 

monitoring location, are provided below: 

I Actinide loads (measured in pCi) are calculated using a water-volume weighted methodology 

and presented in graphs for each Water Year from 1997 through 1999. An average of the 

actinide loads from Water Years 1997 through 1999 is also depicted by a gray arrow at each 
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monitoring station site. The arrows are sized proportionately to the size of the average 

annual actinide load. Hence, a large arrow indicates a greater average annual actinide load 

than a smaller arrow. At locations where the average annual actinide load is relatively low, 

the arrow may be so small that it is barely visible. Annual actinide loads for Water Years 

1997 through 1999 are presented in the corresponding yellow bar charts for each monitoring 

location. Further detail on the surface water data collection methods and the computation of 

actinide loads is presented in TA-2.7.4; 

Average annual actinide concentrations in surface water (measured in pCi/L) are plotted in 

bar graphs for each Water Year from 1997 through 1999. In addition, an average actinide 

concentration in surface water for Water Years 1997 through 1999 is also included on each 

of the bar graphs. All of the actinide concentration data for surface water is shown as a green 

bar that references the right-hand vertical axis. This data are on the bottom chart for each of 

the surface water monitoring locations; and 

Annual water yields (measured in liters) are plotted in bar graphs for each Water Year from 

1997 through 1999. In addition, an average of the annual water yields for Water Years 1997 

through 1999 is also included on the bar graph. All of the water yield data are shown as a 

blue bar that references the left-hand vertical axis. These data are on the bottom chart for 

each of the surface water monitoring locations. 

A description of RFETS surface water sampling methods and protocols is provided in Section 

TA-2.7.5. 

TA-2.7.4 Surface Water Data Query Process 

Surface water sample data for Water Years 1997 through 1999 that are presented in this report 

were retrieved from a preliminary data set stored and maintained by the Kaiser-Hill 

Environmental Media Management organization and simultaneously archived in SWD. A 

reconciliation process to confirm that the preliminary data set matches the S W D  data set is being 
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conducted by the Kaiser-Hill Media Management organization. Data quality criteria applied to 
0 

the surface water data presented in this report are described below. 

Sample results with a data qualifier code of “R’, indicating a rejected analytical result, were 

excluded from the data set (see Table TA-2-1). Subsequent queries were performed on the 

remaining, non-rejected data set to eliminate laboratory quality assurance sample results, such as 

rinsates and blanks. The remaining non-rejected samples were included in the data set, of which 

approximately 25 % were validated. Additional samples were validated in those cases where the 

result was used to calculate reportable RFCA 30-day moving average values. 

With the accepted data, any field duplicate or re-run, laboratory results were averaged with the 

original sample result. When the accepted result was reported as a negative value, due to 

instrument calibration, a value of 0.0 pCi/L was used for actinide load calculations. In certain 

instances, the surface water actinide load at a specific location and for a specific time period was 

estimated by the Kaiser-Hill Media Management organization. Examples of these cases were 

when an insufficient sample quantity was collected because of automated sampler malfunction or 

when a sample was analyzed but rejected in the analytical quality control process. 

Further details on the methodology used to collect surface water data presented in this report are 

discussed in Section TA-2.7.5. 

TA-2.7.5 Surface Water Data Description 

Only continuous flow-paced samples at POE and POC monitoring locations were used to 

evaluate Site-wide surface-water actinide transport in this section of the report. These stations 

are GSO1, GS03, GS11, GS08, GS31, SW027, SW093 and GSlO (Figure TA-1-1). These data 

were selected because all of the samples were collected using the same continuous flow-paced 

sampling protocol throughout the year. Therefore, they are the most appropriate data available 

for comparing “apples to apples” in terms of actinide and water yields at different monitoring 

locations. Data collected prior to 1997 for non-RFCA monitoring programs are still considered 
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k 

Statistic Actinide 
I 
1 

Pu-239/240 Am-241 U-2331234 U-235 U-238 1 

(pCiIL) (pCilL) (pCi/L) (PCW (PCW 

Number of 537 537 348 348 348 

Minimum 0.000 0.000 0.045 0.000 0.039 
Maximum 1.91 0 2.21 0 2.900 0.235 3.960 

Mean 0.049 0.041 1.232 0.054 1.329 
Std. Deviation 0.147 0.150 0.581 0.034 0.678 

Sample Data 
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Median 

a 
valid, valuable information, but are less suitable for estimating actinide loads because different 

0.009 0.009 1.148 0.050 1.195 

sampling protocols were used. 

A total of 537 Pu-239/240,537 Am-241 and 348 U-233/234, U-235 and U-238 surface water 

samples from eight monitoring locations met the acceptance criteria discussed in TA-2.7.4. 

These samples were used to evaluate surface water actinide concentrations and loading at RFCA 

POE and POC monitoring stations across the Site. Summary statistics for the surface water 

sample data set are shown in Table TA-2-22. 

In summary, the surface-water data sets do not include sample results with a rejected data 

qualifier. The remaining non-rejected samples were utilized, including those sample results that 

were not validated. 

DescriDtion of Surface Water Monitorina Proarams 

RFETS surface-water monitoring data are collected by the Site’s automated surface-water 

monitoring program for implementation of the Rocky Flats CZeanup Agreement (DOE, 2000) in 

accordance with the RFETS Integrated Monitoring Plan (IMP) Background Document (Kaiser- 

Hill, 2000~). The IMP provides a framework for monitoring in support of activities at the Site. * 
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This framework includes implementation of a high-resolution surface-water monitoring program 
e 

that supports data-dnven decisions determined by the IMP Data Quality Objectives (DQO) 

process. 

This monitoring program is intended to provide: 

Monitoring of multiple parameters for the safe and effective operation of the Site detention 

ponds; 

Monitoring of flows and contaminant levels in sub-drainages to allow for the location of 

contaminant sources; 

Monitoring of various surface-water parameters at various locations on an Ad Hoc basis in 

support of special projects andor building operations; 

Monitoring of Pu and Total Suspended Solids (TSS) values at various locations to determine 

a correlation between Pu and TSS; 

Detection of a release of contaminants from specific high-risk projects within the Industrial 

Area; 

Detection of statistically significant increases of contaminants in runoff from within the 

Industrial Area in general; 

Detection of contaminants exceeding RFCA Action Levels in discharges entering Stream 

Segment 5 and the Site detention ponds; 

Detection of contaminants exceeding RFCA Standards in discharges entering Stream 

Segment 4; 

Monitoring of indicator parameters in discharges leaving the Site boundary as a prudent 

management action; and 

~ 
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Monitoring of flows and water-quality in the Buffer Zone for ecological and water rights 

issues, as well as supporting studies into the interaction between media. 

Each surface water monitoring location is equipped with automated instrumentation capable of 

satisfying the location-specific data collection requirements. Precipitation data ,are collected at 

additional locations as a prudent management practice. At POC and POE monitoring locations, 

continuously recording water-quality probes also collect water-quality parameter data, such as 

temperature, pH, conductivity, turbidity and nitrate concentration. 

Water-Qualitv Sample Collection 

Continuous Flowpaced ComDosite Samoles. The automated monitoring equipment includes 

continuously recordmg flow meters linked to automatic water samplers. Gaging station GS 10, 

which measures flow and collects samples from Industrial Area runoff on South Walnut Creek, 

is shown in Figure TA-2-58. The flow meters measure the stage (Le., depth) of the stream water 

idon a measurement device such as a flume or weir. The flow meter converts the measured 

stage into a discharge value (e.g., cubic feet per second). 

The‘samplers are programmed to collect 200-mL grab samples at specified intervals of flow. 

Thus the samples are weighted by the flow or are “flow-paced.” The sampler composites the 

grab samples in a 15- or 22-Liter NalgeneTM carboy container. In other words, one grab sample 

is collected in the carboy each time a specified volume of stream discharge is measured by the 

flow meter. Figure TA-2-59 displays an example of flow-paced grab samples collected for every 

4,390 cubic feet of stream discharge for a continuous flow-pacing sampling event. The chosen 

flow pace depends on expected stream discharge, the composite volume desired and the desired 

composite sampling time period.’ The flow-pacing is changed consistent with seasonally 

changing hydrologic conditions. At each monitoring station, the automatic sampler collects the 

’ The Site IMP specifies the targeted composite sample collection frequency for each monitoring location. 
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grab samples by pumping the stream water through an intake that is installed in a fixed position 

at a location where the stream is appears to be. well-mixed. 

Continuous flow-paced composite samples are collected during all flow conditions, every day, 

throughout the year. When a composite sample is removed from the sampler for analysis, the 

next carboy container is placed in the sampling unit to begin collecting composite samples 

immediately. 

Ideally, by flow-pacing composite samples and effectively collecting more frequent grabs during 

higher flow rates, an analytical result (concentration [e.g., mg/L] or activity [e.g., pCi/L]) that is 

representative of the entire sampling period is obtained. This result can then be used with the 

corresponding discharge volume to calculate a constituent load. This sampling protocol is 

currently used for many different purposes, including POCs and POEs. For this report, data from 

POCs and POEs are evaluated to identify actinide transport in Site surface waters. 

Storm-Event Risina-Limb Flow- or Time- Paced Composite Samples. Storm-event, rising-limb, 

flow- and time- paced samples are composite samples collected during the initial “first flush” 

conditions during a direct runoff event or during the entire runoff event.2 The storm-event 

samplers are programmed to wait for direct runoff conditions at all times year-round. When the 

flow meter measures a predetermined increase in stream stage (manually set as the sampler 

“enable level”)3, the sampler begins collecting grab samples. Although the samplers are 

prograrhmed to collect composite samples for all runoff events, only selected composite samples 

are retained for analysis. Professional judgement is used to select representative samples for 

analysis! When a composite sample is removed from the sampler to be submitted for analysis 

’ For locations that have flow measurement capabilities, flow-paced composite samples are collected. Locations 
without flow measurement collect time-paced composite samples. 

The enable level is chosen based on professional judgment, considering the seasonal runoff conditions expected for 
a particular location. The intent is to begin sampling at the first indication of direct runoff. This can either be some 
level above normal baseflow, or when an ephemeral location first measures runoff. 
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(or to be discarded), a clean sample container is installed and the sampler is reset to wait for the 

next runoff event. 

A composite sample generally consists of 15 grab samples', which are flow-, or time- paced. In 

other words, one grab sample is collected in the sample bottle each time a specified volume of 

stream discharge is measured by the flow meter or at uniform time intervals. Figure TA-2-59 

shows a hydrograph during a rising-limb storm-event sample that received a grab sample for 

every 200 cubic feet of stream discharge. The chosen flow- or time- pace depends on expected 

stream discharge during the rising limb of the hydrograph, such that all the 15 grab samples are 

collected during the rising limb. 

TA-2.8 GROUND WATER ACTINIDE CONCENTRATIONS 

TA-2.8.1 Bac kg ro u nd G rou ndwa te r Act i n ide Concentrations 

Background actinide activity-concentrations have been determined for groundwater in two 

documents, the Background Geochemical Characterization Report (EG&G, 1993) and the Draj? 

Background Comparison for Radionuclides in Groundwater (RMRS, 1996). The difference 

between these mean background values lies mainly with the well sets used for the calculations. 

The EG&G data use a flow system approach (UHSU and LHSU) and the RMRS data use a 

geologic unit approach (UHSU alluvium only). FMRS (1996) reevaluated groundwater 

radionuclide data from the period 1990 to 1995 in response to CDPHE concerns that the original 

EG&G UHSU U isotope background values were .unrepresentative of alluvial groundwater 

quality. For this analysis, wells completed in the weathered bedrock component of the UHSU 

The intent is to collect samples according to the sampling frequencies targeted by the IMP. For many of the 
current locations, this frequency is one per month. Samples are also selected for analysis with the intent to sample a 
range of rising-limb runoff rates, extreme events (Le., very large precipitation events) and events where samplers at 
multiple locations enabled for the same runoff event. 

Current grab sample volume for storm-event rising limb flow-paced composite samples is 500-1OOOmL. This 
location-specific volume is chosen to obtain the required volume of sample based on the location-specific analyte 
suites. 
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U-238 

were omitted from the data set and new values were calculated for UHSU alluvium only. This 

reanalysis produced similar U background values compared to those calculated by EG&G. The 

RMRS values are currently used in favor of the EG&G values for comparisons involving UHSU 

groundwater. Table TA-2-24 contains the results of calculations for background actinide 

concentrations presented in both reports. 

1 .o 0.00095 - 0.00135 I 

There are two primary techniques practiced for measuring isotopic ratios; alpha spectrometry and 

ICPMS. The ICPMS analytical method is more accurate in determining U species than the 

standard alpha spectrometry analysis done at RFETS. ICPMS calculates an isotopic mass as 

opposed to an activity, which is measured by alpha spectrometry. Count time and masking 

effects likely influence the alpha spectrometry results. ICPMS allows for the differentiation 

between anthropogenic U sources and natural-occwring, background U. Additionally, detection 

limit ranges for the two techniques are noticeably different. Table TA-2-23 provides a 

comparison. 

Table TA-2-23. Alpha Spectrometry and ICPMS Detection Limit Range 

I u-234 I 1 .o I 0.00001 5 - 0.000033 I 
I U-235 7 ~ 1 .o I 0.000030 - 0.000031 I 

U-236 ~~ I - -  I 0.0000035 - 0.0000071 I 

Sample and data collection followed the Rocky Flats ER Program Standard Operating 

Procedures (Rockwell International, 1989a) and the ER Program Quality Assurance (QAYQC 

Plan (Rockwell International, 1989b). The Environmental Management Department (EMD) 

Standard Operating Procedures (EG&G, 1991a) and the Rocky Flats Plant Site-Wide QA Project 
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e Plan (EG&G, 1991b) superceded those documents. It is assumed the filter technique followed a 

Site-wide standard using a 0.45-micron filter. Table TA-2-24 present filter and unfiltered data. 

Table TA-2-24. Background Groundwater Actinide Concentrations 

Note: Negative values due to insmmeot calibration. 

’ Background Geochemical Characterization Report (EG&G, 1993) 

’ Draft Background Comparison of Radionuclides io Groundwater (RMRS, 19%) 

’ Laboratory analysis performed using alpha spectrometry. 

TA-2.8.2 RFCA Action Levels 

RFCA Action Levels for Pu-239/240, Am-241, U-2331234, U-235 and U-238 are defined in 

Attachment 5 of RFCA (DOE, 2000) and are presented in Table TA-2-25. A dual tier system of 

action levels is specified with the intention of preventing contamination of surface water by 
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Am-241 

P~-239/240 

applying Preliminary Programmatic Remediation Goals (PPRGs) for residential groundwater 

ingestion as groundwater action levels. Tier I action levels are equal to a value that is a hundred 

times the PPRG value. These action levels are used to identify areas that have high 

concentrations of groundwater contamination that should be addressed through an accelerated 

action. Tier 11 action levels are equal to the PPRG value and are used for triggering groundwater 

management 'actions that may be required to prevent surface water from exceeding surface water 

Action Levels. Each well in the groundwater-monitoring network is given a designation that 

determines the function of the well. The well function determines what decisions are to be made 

if contaminant concentrations exceed action levels or other specifications given by the DQO 

/ 

14.5 0.145 

15.1 0.151 

process. 

Table TA-2-25. RFCA Groundwater Action Le wels 

I U -2 33/234 I 106 I 1.06 I 
I U-235 I 101 I 1.01 I 
I U-238 I 76.8 I 0.768 I 

TA-2.8.3 RFETS Groundwater Actinide Figures 

Figure TA-2-60 through Figure TA-2-69 display results of groundwater sampling for UHSU 

unfiltered Pu-239/240, unfiltered Am-241, filtered U-233/234, filtered U-235 and filtered U-238, 

respectively. A similar series of figures (Figure TA-2-70 through Figure TA-2-74) &splay 

results of groundwater sampling for LHSU wells. Figure TA-2-75 and Figure TA-2-76 shows the 

location of groundwater basin and divide boundaries to facilitate analysis of the groundwater 

actinide transport pathway. The UHSU U isotope figures depict the lateral extent of areas where 

activity-concentrations exceed the Tier 11 action level and background values of each actinide. 

These areas are not specifically meant to represent groundwater contaminant plumes, although 
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some areas, such as the Solar Ponds, coincide with the approximate extent of known plumes. 

The results of special ICPMS U isotope sampling used for source identification are also shown 

in these figures. Similar patterns for Pu-239/240, Am-241 and LHSU U isotopes were not 

presented because of the uncertainty associated with the representativeness of the data vu- 
239/240 and Am-241) and concerns about depicting lateral extent in a predominantly vertical 

groundwater flow field (LHSU U isotopes). Reference values for each actinide are provided for 

background mean plus two standard deviation concentrations in groundwater, used for IMP 
decisions involving selected well categories and the RFCA Tier II Action Level, which is used 

for other selected IMP well categories. 

A description of the query process used to generate the groundwater data set is presented in 

Section TA-2.8.4. 

TA-2.8.4 Groundwater Data Query and Refinement Process 

The bulk of groundwater actinide data used and presented in this report were retrieved from 

SWD, an environmental database that stores raw analytical data from groundwater sampling 

activities from 1986 to present. Groundwater data retrieved from S W D  consisted of all actinide 

results reported for monitoring well samples for the period 1991 to 1999. The pre-1991 

groundwater data were excluded from the data set because of data quality and consistency 

concerns compared to later data. For completeness, additional groundwater actinide data from a 

small subset of well samples collected in 1996, 1997 and 1998 by the Groundwater Operations 

program were incorporated with the S W D  data to provide a full data set for evaluation and 

interpretation. These data consist of a S W D  residual data entry backlog that is currently stored 

by Kaiser-Hill Environmental Media Management in a preliminary data set maintained by the 

Groundwater Operations program. These data have also been presented with the SWD data in 

various Annual and Quarterly RFCA Groundwater Monitoring Reports, which are available from 

the RFETS Environmental Data Dynamic Information Exchange (EDDIE) web site. 

All actinide data for groundwater samples reported for the search period were retrieved, 

compiled and cleansed to remove rejected, duplicate and spurious records. Sample results with 
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an “R” data qualifier code, indicating a rejected analytical result, were excluded from the data set 

(see Table TA-2-1). Subsequent queries were performed on the remaining, non-rejected data set 

to eliminate laboratory quality assurance sample results, such as rinsates and blanks. Sample 

rerun and duplicate analyses were retained in favor of the original result if the alternate result 

was reported at a higher concentration and/or was reported with a higher-quality laboratory data 

qualifier code. Analytical results with spurious location codes were compared against an 

existing well alias list and reconciled, where possible, to provide a complete sampling record of 

the affected locations. Most non-reconciled records appeared to be associated with tank, 

incidental water, or similar type of grab water samples; only a small number of records contained 

numeric codes suggestive of a monitoring well location. All non-reconciled results were rejected 

and excluded from the data set. 

After the final data set was assembled, the data were further sorted to differentiate unfiltered and 

filtered samples by hydrostratigraphic unit (UHSU and LHSU) for final use. Mean values for 

each analyte were then calculated for constructing the concentration maps described and 

presented in Section TA-2.8.3. 

TA-2.8.5 Groundwater Data Description 

Groundwater actinide data were compiled as a result of the acceptance process described in 

Section TA-2.8.4 and consist of 17,609 individual records. Most of these data were collected for 

UHSU wells, which monitor the shallowest and most susceptible flow system to contaminant 

releases and subsequent transport to surface water. Significant amounts of data are also available 

from LHSU wells used for characterizing vertical contaminant migration, especially in areas of 

known UHSU groundwater contamination. Generally, most wells have, at various times, been 

part of routine groundwater sampling operations and have been sampled more than once. Table 

TA-2-26 presents a statistical summary of all groundwater actinide data used in this report. 

The largest quantity of data for individual actinides exist for unfiltered Pu-239/240, unfiltered 

Am-241 and filtered U-233/234, U-235 and U-238, which reflect the sampling approach adopted 

based on the expected transport behavior of these contaminants (see discussion of actinide 
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geochemistry in Section 3). Unfiltered Pu-239/240 and Am-241 samples are normally collected 

because these contaminants are not naturally-occumng, have a low aqueous solubility, are 

strongly sorbed to geologic media and have a potential to migrate via colloid-facilitated 

transport. Filtered Pu-239/240 and Am-241 data are available from over 100 wells and serve to 

document actinide phase association as a basis for unfiltered sampling. U samples are normally 

field filtered (0.45 pm) because U is considerably more soluble than Pu and Am and, 

consequently, transport is expected to occur mainly in the dissolved phase. Although U is more 

soluble than Pu and Am, it is relatively insoluble. In addition, total suspended solids derived 

from the local geologic media contain significant concentrations of natural U that can 

contaminate groundwater samples and lead to erroneously high analytical results. 
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Table TA-2-26. Summary Statistics for Groundwater Actinide Data 
(1 99 7- 1999) 

Pu-2391240, I UHSU 1 402 I 3147 I -0.054 I 218.4 I 0.416 I 6.946 I 0.003 I 
unfiltered 

464 -0.022 

3009 -0.15 40.27 0.063 

464 21.31 I 0.073 I 1.076 I 0.003 I -0.029 

U-2331234, 1 ::J: 1 11; 
filtered 

filtered 
U-235, 

3918 -0.521 491.625 I 8.639 I '21.992 I 2.591 I 
~ ~~ 

35.72510.349 I 1.086 I 0.102 I 3919 -0.1 1 

U-238, I UHSU I 481 
filtered 

3918 -0.183 324.646 1 6.086 I 14.107 I 1.7 I 
432 -0.018 10.32 Pu-2391240, 1 LHSU I 50 

unfiltered 
0.038 

Pu-2391240, I LHSU I 13 
filtered 

74 -0.003 0.015 

Am-241, 1 :Eli: 
unfiltered 

filtered 
Am-241, 

:l I :g9 1 -0.061 1 0.47 

-0.003 0.018 

0.008 I 0.027 I 0.004 I 

U-2331234, I LHSU 
filtered 

63 I 572 I -0.031 I 26.0 1 -0.099-[ 1.3 

-0.059 29.0 

I using a 0.45-pm membrane filter. 

I LHSU 
U-235, 
filtered 

0.848 U-238, 

' Filtered samples were collecte 
I I I 

In addition to these data, analyses of U isotope ratios from selected groundwater samples using 

ICPMS analytical techniques have been performed in recent years. This technique is capable of 
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providing highly accurate U concentrations for interpretation of potential U sources. Samples 

were collected from over 50 wells in areas with high U groundwater activity-concentrations to 

help differentiate whether the elevated U levels were caused by Site operations or by natural 

sources. The samples were analyzed for U-234, U-235, U-236 and U-238 concentrations and U- 
235/U-238 and U-236/U-238 ratios. The source of the U (i.e., natural, depleted, or enriched U) 
is indicated by a comparison of the sample U isotope ratios to natural U isotope ratios. The 

significance of these data will be discussed later in Section 4. The data are presented in the 1999 

Annual RFCA Groundwater Monitoring Report (Kaiser-Hill, 2000e). 

Description of Groundwater Monitorina Proarams 

RFETS groundwater monitoring data are collected by Kaiser-Hill Environmental Media 

Management Groundwater Operations program for implementation of the Rocky Flats Cleanup 

Agreement (DOE, 2000) requirements related to groundwater. The monitoring program is 

implemented in accordance with the RFETS Integrated Monitoring Plan (IMP) (Kaiser-Hill, 

~OOOC),  which describes and specifies program goals and objectives, compliance monitoring and 

reporting requirements, quality assurance/quality control criteria and other key components of 

the program. Incorporated into the IMP are the routine groundwater monitoring requirements of 

the Resource Conservation and Recovery Act (RCRA), CERCLA, Industrial Area Interim 

Measurehterim Remedial Action (IMARA) Decision Document, DOE Order 5400.1 and other 

governing documents. Decisions related to groundwater monitoring, the IMP DQO process that 

uses a well classification system for specifying well monitoring function and administrative 

actions determines data. 

As defined in the IMP, the objectives of the RFETS groundwater monitoring program are to: 

0 Protect surface water quality; 

Demonstrate compliance with regulations; 

Minimize the chances of further degradation of the UHSU; and 
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Support the design and selection of remedial measures and assess the effect of any future 

remedial actions. 

Groundwater monitoring is an essential function of surface water protection at the Site, since the 

majority of groundwater becomes surface water within the Site boundaries. The overall 

objective is to identify contaminated groundwater and associated pathways to surface water and 

protect those resources from further or potential damage. A network of over 1,000 monitoring 

wells has historically been used to characterize groundwater flow and quality within the 

boundaries of the Site. 

Elements of the current program include measurement of radionuclide concentrations in 

groundwater, determination of hydraulic gradient and direction of groundwater flow and 

assessment of the nature and extent of any contaminant plumes in the UHSU within Site 

boundaries. The monitoring network is designed to monitor areas of known or suspected 

groundwater contamination based on groundwater plume information and OU specific source 

characterization activities. Earlier groundwater monitoring activities (pre-IMP) focused more 

heavily on the characterization of former OUs, establishment of background groundwater 

concentrations and LHSU flow system groundwater quality. 

The current monitoring network comprises the following monitoring components (Kaiser-Hill, 

2000e): 

A network of 148 wells sampled on a semiannual basis; 

0 A network of 28 wells and seeps sampled quarterly; 

0 Monthly measurement of water elevations at 73 wells; 

0 Quarterly measurement of water elevations at 147 wells; 

0 Semiannual measurement of water elevations at 85 wells; 

0 Continuous measurement of water elevations in 33 wells; 
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A program-for updating and proposing changes to the groundwater monitoring program; 

0 Annual evaluation and reporting to the appropriate regulatory and community agencies; 

0 Quarterly reporting of groundwater data that exceed action limits; and 

0 Other special projects pertinent to groundwater assessment. 

Monitoring wells are classified into seven categories that determine a decision or action that is 

prompted when specified criteria is met. These categories include plume definition, plume 

extent, drainage, boundary, performance, D&D, RCRA and plume degradation (organic 

constituents), which are described in more detail in the IMP. 

Groundwater Sample Collection 

Groundwater samples are collected from all wells after the wells have been properly purged to 

remove stagnant water from the well casing. Purging consists of removing a minimum volume 

of water (at least three casing volumes) and measuring the discharge water at regular intervals 

for stabilization of temperature, pH, electrical conductivity and turbidity. Due to low well yields 

and prolonged water level recovery times, most wells are purged and sampled using a bailer. In 

wells capable of sustained yields, dedicated bladder pumps are used in combination with low- 

flow rate sampling methods. Dry well condltions are a frequent occurrence in RFETS wells 

located in the eastern half of the Site because of seasonal desaturation effects, especially near the 

margin of the Rocky Flats Alluvium and along hillsides where groundwater is scarce. Under the 

current monitoring program, bailed and pumped samples for Pu and Am are processed unfiltered 

to prevent loss of suspended actinide-contaminated particles on the filter. U isotope samples are 

field filtered using a 0.45-pn filter capsule. 

Groundwater samples are collected at substantially longer time intervals (quarterly to 

semiannually) compared to surface water samples because groundwater flow velocities are 

several orders of magnitude slower that surface water flow rates. Consequently, changes in 

contaminant concentrations are very slow, thus allowing for a remedial response before the 
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contamination reaches a surface water body. The current groundwater monitoring well network e 
is designed so that detection of contaminant migration along groundwater flow pathways leaving 

the Site are adequately monitored to protect surface water quality. 

TA-2.9 AIR ACTINIDE CONCENTRATIONS 

TA-2.9.1 Background and Baseline Air Actinide Concentrations 

Background concentrations of actinides in ambient air, i .e., those naturally-occurring and man- 

made actinides present in the global atmosphere due to fallout from weapons testing, 

resuspension of isotopes in soils and other ubiquitous sources, are difficult to quantify. The 

scientific literature provides a range of Pu concentrations that show seasonal periodicity and 

fluctuate due to weapons testing events. Data are rarely provided on background levels of Am- 

241. Background levels of U isotopes are strongly influenced by natural sources. Additionally, 

non-ubiquitous sources of actinides such as the RFETS have biased local measurements of 

background. a 
Backaround Pu-239/240 and Am-241 

Data from Pan and Stevenson (1996) show that fallout of Pu-239/240 from nuclear testing during 

the 1950s through 1970s decreased with time following the last atmospheric test in 1980. After 

1984, fallout as measured at various locations in the U.S., had leveled off, indicating that an 

equilibrium condition had been reached. Fallout levels of Pu-239/240 are now though to be due 

to resuspension of material in the lower atmosphere; during and for a few years after atmospheric 

testing, fallout was instead controlled by the amount of stratospheric Pu-239/240 that was 

exchanged with the troposphere and subsequently deposited at the surface. 

The following concentrations of Pu-239/240 in air were measured by the EPA Environmental 

Radiation Ambient Monitoring System (Ems)  between 1984 and 1992 in locations without 

localized sources: 

Chicago, IL. e 
April 2002 

. \ n l  

4.0 x pCi/m3; 
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NewYork,NY 3.0 x pCi/m3; 

Denver,CO 5.1 x pCi/m3; and 

Portland, OR 3.0 x pCi/m3. 

. These values are in general agreement with the overall magnitude of Pu-239/240 in air seen in 

other locations globally during similar time periods (Pan and Stevenson, 1996). 

Fallout of Pu-239/240 is expected to vary between locations due to latitude and climatology, 

primarily the annual precipitation. Consequently, it is desirable to have more localized estimates 

of fallout Pu-239/240 levels to apply to the Site environment. Samplers located in communities 

surrounding Rocky Flats and at some distance from the Site fenceline provide another set of data 

points. The Community Radiation Monitoring (COMRAD) program operates five monitors to 

the east of the Site that collect particulate matter on filters that are analyzed for Pu-239/240 on a 

monthly basis. The Northglenn station is the most distant from the Site and is therefore the least 

likely to show Site influence. Airborne Pu-239/240 concentrations at that station averaged 4.1 x 

pCi/m3 for the most recent 18 month period, within the range of concentrations reported for 

U.S. cities by pan and Stevenson (1996). 

Two other monitoring locations were examined. The Site operated an ambient air sampler in 

Boulder in the early 1990s that collected samples that were analyzed for h-239/240 on a 

monthly basis. The average Pu-239/240 recorded at that location between 1990 and 1994 was 

3.6 x 

north of the Site in late 1998, making it the most distant of the Site’s perimeter samplers. In 

1999, the average annual airborne Pu-239/240 concentrations from that sampler totaled 4.35 x 

pCi/m3. Finally, a sampler was installed at a distance of approximately 5.8 km to the 

pci/m3. 

The results of these comparisons suggest that local background levels of Pu-239/240 in air due to 

fallout are somewhere between the concentrations reported by Pan and Stevenson (1996) for 

Denver (5.1 x pCi/m3) and those reported for New York and Chicago (3.0 x pCi/m3). 

April 2002 . 2-72 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

Am (Am-241) background concentrations are more difficult to define due to the dearth of studies 

on the topic. One approach, using the ratio of Am-241 to Pu-239/240 found in Colorado surface 

soils at some distance from RFETS, would estimate the background concentration of Am-241 to 

be in the range of 1.1 x 
2391240 data (Hulse et al., 1999). 

pCi/m3 to 1.8 x pCi/m3, based on the previously presented Pu- 

Backaround Uranium 

Global background air concentrations of natural1 y-occurring U (U-233/234, U-235 and U-238) 

result primarily from resuspension soil and sediment, since U is a common component of the 

earth's crust. The Rocky Mountain region has a high incidence of naturally-occurring U in its 

soil and bedrock, so local background is likely higher than other regions. In general, it can be 

assumed that the majority of the U isotopes measured at Site samplers represent natural 

background concentrations. This conclusion is because measured ratios of U-233/234 to U-238 

are characteristic of naturally-occurring U and do not show noticeable Site influence. 

, 

Baseline Actinide Concentrations 

Baseline concentrations of air actinides, i.e., the typical air actinide concentrations measured 

around the Site in the current-configuration,'are also difficult to quantify with a high degree of 

certainty. Because actinide air concentrations are a function of the resuspension and deposition 

rates of dust-bound actinide particles, they vary with wind speed, soil moisture, snow cover and 

other meteorological factors. However, given the large number of ambient dust samples 

collected at RFETS over the years using the Radioactive Ambient Air Monitoring Program 

(RAAMP) sampler network, reasonable upper and lower bounds for baseline air actinide 

concentrations for the current Site configuration can be defined. 

Table TA-2-27 summarizes the annual average concentrations of Pu-239/240 and Am-241 in 

ambient air at RAAMP samplers arrayed around the Site perimeter. Table TA-2-28 presents the 

same information for U isotopes. Figure TA-2-77 illustrates the locations of these samplers. 

These samplers are used to evaluate compliance with the National Emission Standards for 
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S-131 3.95E"' 1.58 E"6 1.10 Ea 
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~ ~ 

Am-241 (pCi/m3) 

1997 1998 1999 
nla 7.45 E"' 1 .46Ea6 

Emissions of Radionuclides Other Than Radon From Department of Energy Facilities (Rad 

NESHAP), as codified in Subpart H of Title 40, Part 61 of the Code of Federal Regulations (40 

CFX 61, Subpart H). This standard is discussed further in TA-2.9.2. 

S-132 

s-134 

S-135 

Table TA-2-27. Average Annual Air Concentrations, Pu-239/240 and Am-24 1 

3.1 OE"' 1.69 Ea6 4.40Ea nia 5.06 E"' 1 .23Ea6 

3.86E4' 1.36 Ea 5.81 E"' nla 4.76 E"' 2.60E"' 

nia nla 9.03E"' nla nla 7.64E"' 

S-207 

S-209 

s-254 

4.19E4' 1.08 Ea 1 .09Ea nla 6.21 E"' 2.77 E"' 

2.06E"' 9.83 E"' 5 .62E4' nia 5.31 E"' 4.1 5EQ8 

nia nla 4.35E"' nla nia 4.39E"' 

s-201 I 3.60E4' I 1.68 Ea 1 1.24EQs I nla I 1.41 Ea I 5.81E"' I 
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Table TA-2-28. Average Annual Air Concentrations, U-234, U-235 and U-238 

-_  
1997 1998 1999 1997 ' 

2.24E4' 

-1997 

7.92E4' 

1.1 5E0' 

3.21 EO' 3.16 E"' + 4.85 EO' 4.33 EO' 

S-131 

S-132 5.94E4' 

s-134 4.07 EO6 2.13 E"' 1.95E4' + 3.86Ea I 1.87 E"' I 1 .75E4' 8.36 EO8 

nla nla n/a I n/a 1 3.59Ea5 

4.41 E"' 1.86 E"' 1.90E"' 

S-135 

S-136 4.92E4' 2.32E4' 

2.63 EO' 2.36 Eo' + 2.25 Eo' 2.19 EO5 

1.08 Eo' 1 1.1 5E4' 5.68E4' 

4.75EO6 

1 .60E4' 

3.27E4' 

S-137 

S-138 

s-I39 nla I 1.31Ea nla I nla I 2.74E4' nla 

1 .27E4' 

nla 

6.34E4' 2.25 EO' 2.74E4' --t 1.05 Eo' 1 .52E4' 

S-140 

S-141 5.39Ea 3.15E4' 

S-I42 5.30E4' 2.44 EO' 2.36E4' + 2.68 E"' 2.96E0' 

1 .50E4' 

2.53E4' s-201 6.30E4' 

2.66 EO' 3.06E4' 

2.52 + Eo' 2.90EO' 

1.65 Ea 1 .67E4' + 1.29 E* 1.64E4' 

7.07E"' 

5.97Ea 

1 ME4' 

1 .70E4' 

S-207 

S-209 

s-254 nla nla I 2.32E"' nla nla I l.65Ea nla I nla I 2.90E4' 

Notes: E# = x 10; %/a = data not available; pCim3= p i w r i e s  per cubic meter 

Table TA-2-29 summarizes the highest, lowest and median concentrations of U-234, U-235, U- 

238, Pu-239/240 and Am-241 measured in ambient air between January 1997 and December 

1999. These values are illustrative of the range of airborne concentrations of actinides observed 

at RFETS and provide reasonable boundaries on ambient background concentrations for 

actinides in air for the current Site configuration and activities. 
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Maximum, 
pci/m3 

Minimum, 
pci/rn3 

Table TA-2-29. Boundary Values of Annual Average Ambient Air Concentrations, 

1 .46E4' 4.40E4' 5.1 9E4' 2.74Ea6 5. 25E4' 

4.1 5Ea 1 .36Ea7 4.07E"' 8.36Ea8 3.86 Ea' 

1997- 1999 

Median, 
pci/m3 

I Am-241 I Pu-239/240 I U-234 I U-235 I U-238 

4.56E4' 1 4.47Ea7 1 1.27Ea' I 1.18E4' I 1.90E4' 

A range of typical air actinide concentrations describes the atmospheric actinide concentration 

better than would a single background value because about 73 % of all airborne actinides in the 

RFETS environment in recent years have been resuspended from Site soils (versus 26 % from 

remediation projects and 1 % from building emissions) and soil resuspension rates are dependent 

on complex relationships between wind speed, soil moisture, vegetative cover and other 

environmental variables. The minimum and maximum values presented are the highest and 

lowest annual average, as opposed to the highest or lowest single monthly result. Therefore, 

these values provide a reasonable range of expected values but not absolute bounds on the range 

of background actinide concentrations in ambient air at the Site perimeter under current 

conditions. 

TA-2.9.2 Air Regulatory Standards 

The National Emission Standard for Hazardous Air Pollutants (NESHAP) for radionuclide 

emissions from DOE facilities, 40 CFR 61, Subpart H and Colorado Air Quality Control 

Commission Regulation No. 8, Part A, Subpart H, requires the radiation dose to the public from 

RFETS be determined annually and reported to EPA and CDPHE. These regulations limit, the 

air pathway dose from Site activities to any member of the public to an annual effective dose 

equivalent (EDE) of 10 millirem (mrem). For comparison, the average annual EDE for residents 

of the Denver area from all sources of radiation is approximately 420 mrem, over 80 96 of which 

is due to natural background radiation (Roberts, 1998). 
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Allowable Annual 
Average 

Concentration 

Compliance with the 10-mrem standard has been determined by comparing environmental a 

2.0 Eo’ 1.9 E403 7.1R.7 Ea’ 7.1 Ea’ 8.3 Eo’ 

radionuclide air concentrations at critical receptor locations, sampled with RAAMP samplers, 

with the “Concentration Levels for Environmental Compliance” listed in Table 2 of Appendix E 

to 40 CFR 61, in accordance with an alternative compliance demonstration method approved by 

EPA and CDPHE (DOE, 1997; DOE, 1998). Compliance is demonstrated when each measured 

radionuclide air concentration is less than its corresponding compliance level in Appendix E, 

Table 2 and when the “fractional sum” of all radionuclides is less than one. The fractional sum 

is calculated by dividing the actual annual average concentration of each isotope by the 

compliance limit, then summing these ratios for all isotopes of interest. Figure TA-2-78 shows 

the three-year average concentrations of each isotope at each compliance sampler, along with the 

corresponding percentage of the 10-mrem standard that each fractional sum represents. 

Table TA-2-30 details the Table 2 compliance levels for the isotopes of interests at RFETS. A 

comparison of the maximum annual averages to the compliance concentrations shown in Figure 

TA-2-78 shows that in recent years, ambient airborne actinide concentrations have been orders- 

of-magnitude lower than the allowable limits. * 
Table TA-2-30, Compliance Concentration Levels from 40 CFR 61, Table 2 

~~~ ~ ~~~ ~~~~ ~ 

R A M  radionuclide concentrations have been dominated by naturally-occumng U isotopes. 

At the R A M  samplers with the largest fractional sums, for example, U isotopes characteristic 

of naturally-occurring U have represented an order-of-magnitude larger dose than that 

contributed by non-U isotopes. In addition, the locations where the highest total radionuclide 

levels were measured during 1997 - 1999 (northwest and southeast of the Site) were influenced 

by off-Site activities that generated dust, such as traffic or quarrying operations. The 
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resuspension of naturally-occumng radioisotopes by such activities has dwarfed Site impacts on 

the air pathway in recent years. 

TA-2.9.3 Air Data Acquisition Figures 

Figure TA-2-77 shows the locations of the all RAAMP samplers, including the fourteen RAAMP 

samplers used to assess compliance with Rad N E S W  (these are located at the Site perimeter 

and identified by sampler number in Table TA-2-27 and Table TA-2-28). The compliance 

samplers are arrayed such that any wind sector where potential receptors reside or work contains 

a compliance RAAMP sampler. Additional samplers may need to be installed in the future, as 
the communities surrounding €'WETS grow toward the Site. The remaining samplers in Figure 

TA-2-77 are used to monitor Site projects or to sample a potential plume in case of an 

emergency. 

TA-2.9.4 Air Data Acquisition Process 

The baseline actinide air concentration data presented here were obtained through the 

Radioactive Ambient Air Monitoring Program. Sample data presented in this report were 

originally compiled to assess compliance with Rad NESHAP,  in accordance with the alternative 

compliance demonstration method approved by EPA and CDPHE (DOE, 1997; DOE, 1998) and 

to comply with DOE Order requirements for environmental surveillance. 

The RAAMP samplers are size-partitioning, high-volume (HVOL) ambient air samplers that 

collect fine atmospheric dust on 8-inch by 10-inch glass fiber filters and coarse dust on oiled 

paper impactor pads. Figure TA-2-79 provides an expanded view of the sampler design. The 

nominal size cut of the RAAMP samplers is 10 micrometers (pm) aerodynamic equivalent 

diameter (AED). This size class of particles is commonly referred to as PMlo and includes all 

particles that are inhalable or respirable by humans. The particles that collect on the oiled 

impactor pads are 10- to 30-pm AED and provide additional information about transport and 

deposition of actinide-contaminated particles from the Site. 
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Though only the inhalable particle sizes (PMlo) contribute to inhalation dose effects, the 

RAAMP sampler network.results are always reported with both PMlo and larger size particles 

included. This provides a conservative approach to assessing compliance with EPA and state 

standards and accounts for actinide migration among non-inhalable size fractions. Figure TA- 

2-80 illustrates an actual field installation of the RAAMP sampler design. 

TA-2.10 BIOTA ACTINIDE CONCENTRATIONS 

TA-2.10.1 General Observations in Biota 

General observations of actinide concentrations in biota at the Site are discussed here. More 

detailed information on actinide concentrations and movement via different biological transport 

mechanisms is provided in Section TA-4.6. 

@ 
In general, investigations on biota in the most studied location, the 903 Pad and Lip area, showed 

that Pu concentrations in biota were significantly lower than in soils. As summarized by Setlock 

and Blaha (1986), arthropods and small mammals had Pu concentrations 100 times lower than 

soil, with no significant dlfferences in seven tissue types analyzed. The concentration hierarchy 

followed a downward trend from dead plant litter to fresh vegetation to animal compartments 

that were analyzed (Little et al., 1980; Setlock and Blaha, 1986). The higher values for plant 

litter are expected since the litter is more closely associated with the soil surface and prone to the 

accumulation of soil particulate matter. 

In a study of actinides in the environment, Watters, et al. (1983) reviewed actinide behavior with 

emphasis on chemical, physical and biological factors that influence actinide mobility. Their 

general conclusion was that sources of actinide in the environment, with few exceptions, have 

resulted in very low transfer of these elements into food webs, regardless of transport process. 

In a “White Paper” written to assess the biological mobility of environmental Pu, Higley and 
Whicker (1999) observed that Pu is not a biologically essential element, nor does it serve as an 
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analogue for any other essential element. They further stated that because of its insoluble nature 

. (most forms of Pu are insoluble), the passage of Pu through biological membranes and any 

uptake into plant and animal tissues.is normally very minor. After reviewing and summarizing 

results of Rocky Flats studies, ag l ey  and Whicker (1999) concluded that the majority of Pu 

measured in plant material was associated with surficial dust particles and that transport of Pu 

into plants is decreasing over time. They also observed that although concentrations in 

vegetation and litter strongly correlated with soil concentrations, those in small mammal tissues 

did not, but instead appeared to be independent. This led them to conclude that the small amount 

of Pu in small mammal tissues may result from the generally-distributed global fallout. 

Considering the variable soil concentrations often mentioned in these papers and in light of the 

mobility of even small mammals, it is likely that the small mammals were variably exposed to 

differing soil concentrations of contaminants throughout their home ranges and over their life 

spans. The closer correlation of vegetation concentrations to soil concentrations in a specific 

location is reasonable, given that plants remain rooted in the same soil throughout their lifetimes. 

Higley and Whicker (1999) further concluded that although the nature and source of a Pu release 

is important in its distribution, environmental processes could alter the composition and 

distribution over time. Soils and sediments have been found to become the ultimate repository 

for the majority of Pu. A tiny fraction of the Pu inventory i s  soluble and therefore bioavailable. 

They found that while Pu is incorporated into plant, animal and human tissues, the 

concentrations are typically orders of magnitude less than soil and sediment concentrations. 

Biomagnification - the concentration of a chemical or compound from one trophic level to the 

next - does not appear to occur with Pu. Their review found that although biological processes 

can redstribute Pu in the soil profile, the impact is essentially local. 
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Figure TA-2- 13. Site Area Variograms for Pu-239/240 
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Figure TA-2-14. Site Area Variograms for Am-241 
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Figure TA-2-15. Site Area Variograms for U-2331234 
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Figure TA-2-16. Site Area Variograms for U-235 
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Figure TA-2-77. Site Area Variograms for U-238 
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Figure TA-2-58. Monitoring Station GS70. 
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Figure TA-2-59. Example of Hydrograph Showing Rising-Limb Flow-Paced 
Composite Sampling. 
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Figure TA-2-78. Average Actinide Concentrations in Air at RFETS Perimeter, 
1997 -1999 

(Total dose as a fraction of the 10-mrem standard converted using 40 CFR 61, Subpart H, Table 2) 
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Figure TA-2-79. Expanded View of RAAMP Sampler 
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Figure TA-2-80, RAA MP Sampler (foreground) Near 903 Pad 
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TA - 3 PLUTONIUM, AMERICIUM AND URANIUM GEOCHEMICAL 

TRANSPORT PROCESSES 

TA-3.1 CHAPTER ORGANIZATION 

Chapter TA-3 reviews chemical reactions that potentially affect Pu, Am and U mobility in the 

environment. The major subsections address the following subjects: 

Section TA-3.2 summarizes observations drawn from a review of available actinide transport 

data; 

Section TA-3.3 provides an overview of some fundamentals of actinide chemistry, colloid 

and actinide mobility and a comparison of world-wide and RFETS-specific l& values; 

Sections TA-3.4, TA-3.5 and TA-3.6 review in more detail the fundamentals and current 

'state of knowledge of Pu, Am and U chemistry. This information is helpful in estimating the 

environmental behavior of these actinides and critically reviewing the reasonableness and 

limitations of transport analyses and computer model predictions. These sections also 

contain data concerning chemical properties of Pu, Am and U that are essential for transport 

evaluations and include references that clarify the conditions under which the data were 

collected; 

Section TA-3.7 provides a discussion of the environmental behavior of colloids. Colloid- 

facilitated movement of actinides can be a potentially significant actinide transport 

mechanism; and 

Section TA-3.8 discusses the limitations and usefulness of the distribution coefficient, I(d, as 

an indicator of actinide environmental mobility, including the difficulty of defining the term 

"dissolved" when colloids are present. l& represents the measured concentration of a 

compound associated with solid materials dvided by its concentration dissolved in water that 

is in contact with the solid materials. For example, if I(d = lo3 mTJg for a compound, then 

the concentration of that compound in solid forms (precipitated solids or sorbed to solid 
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surfaces) is 1,000 times greater than its dissolved concentration. For comparison, most & 
values for Pu measured at RFETS lie between about lo4 mUg and lo5 mUg. The & 
parameter is useful for calculating a retardation factor, which is used for predicting the rate 

of movement, relative to groundwater velocity, of soluble contaminants in a soil environment 

where surface sorption is the main retarding process. A & value of lo3 or greater indicates 

that the contaminant is essentially immobile in the soil. Because of the many environmental 

factors that can affect &, field-measured values are always very Site-specific. Section TA- 

3.8 also summarizes measured values of & at RFETS and other locations world-wide, 

including data concerning many of the environmental factors that influence measured & 
values. 

TAS.2 SUMMARY OF INITIAL OBSERVATIONS 

(The following observations are derived from data presented in Chapter TA-3. References for 

this Section are gven  in the more complete discussions of Sections TA-3.3 through TA-3.8.) 

Pu and Am at RFETS are almost entirely (around 99 %) in solid forms, either bound to soil 

and sediment particles or precipitated as oxides and hydroxides. This percentage is 

essentially the same as that found world-wide. These findings are consistent with the fact 

that the large values of & reported for Pu and Am at RFETS (between about lo3 and lo5 
mUg) lie within the range of all world-wide &s identified so far for these actinides. 

However, it must be recognized that a & interpretation may be invalid because mobility of 

Pu and Am at RFETS may not involve chemical sorption reactions. 

There are background levels for Pu, Am and U at RFETS that arise from non-RFETS 

activities. Fallout from atmospheric weapons testing contributes to Pu and Am 

concentrations in surface soils and leaching from U minerals contributes to U groundwater 

and subsurface soil concentrations. Because Pu, Am and U used at RFETS have isotopic 

signatures that can be distinguished from fallout and natural abundances, measurements of 

the isotope abundances of these actinides are useful for identifying the RFETS contribution 

to on-Site concentrations. It should be noted that the isotopic content of a given actinide 
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does not influence its environmental mobility, although it is important for a risk assessment 

because the different isotopes have different half-lives, specific activities and decay particle 

energies. 

Recent measurements of Pu in RFETS soils in the Buffer Zone support many earlier studies 

indicating that Pu at RFETS is almost entirely present as PuOz, generally accepted to be 

immobile in the subsurface, except for potential colloid-facilitated movement. See Section 

TA-3.7 for a discussion of colloids. 

Nearly all the Pu and Am radioactivity in RFETS soils is confined to the top 20 centimeters 

(about 90 % in the top 12 centimeters) and has been stable in that configuration with no 

significant movement below this depth for about 30 years. 

The solubility of Pu and Am solids under the oxidizing environmental conditions most 

common at FWETS is very low, around 

likely to exist in the treatment ponds and in landfill locations, there is evidence that reducing 

conditions do not increase Pu mobility at RFETS. 

moles/liter. Although reducing conditions are 

A result of the observations above is that subsurface mobility of Pu and Am is expected to be 

very low. Measurements at RFETS support this conclusion. Measured Pu and Am 

concentrations in groundwater below the Industrial Area and near the 903 Pad range from 

below the analytical detection limit (about 0.01 to 0.02 pCi/L) to about 0.1 pCi/L. In 

contrast, soil levels (3 to 4 inches below original grade) within the 903 Pad and Lip Area 

ranged between 0.8 to 152,260 pCi/g for Pu and 0.2 to 31,670 pCi/g for Am (RMRS, 2000). 

At present, it cannot be stated with certainty whether detections of Pu and Am in 

groundwater arise from surface contamination carried downward by well-drilling activities, 

from subsurface water transport of colloids carrying sorbed Pu and Am or from both 

processes. These possibilities are presently being studied with a series of wells drilled under 

“aseptic” conditions. 
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Am and Pu have generally similar spatial distributions in RFETS soil and the PdAm activity 

ratio remains relatively constant at different locations. This might be expected since 

dispersal mechanisms are similar for both elements and because a substantial fraction of the 

Am-241 at RFETS results from radoactive decay of Pu-241 (half-life = 14.4 years), both 

before and after release to the environment. Since the similar spatial distributions have been 

in place for about two half-lives of Pu-241, it can be concluded that the important distribution 

mechanisms are physical rather than chemical. This means that surface particulate andor 

colloid erosion mechanisms are dominant for Pu and Am at RFETS and that transport of 

soluble species of Pu and Am through the subsurface plays a very minor and so far 

undetectable, role. These conclusions do not apply to U, which undergoes significant 

subsurface transport. 

0 Since & models are intended for predicting movement of soluble contaminants in an 

environment where soluble transport is significant and surface sorption is the main retarding 

process, & models will not accurately predict Pu and Am migration at RFETS. Although & 
modeling is not valid for RFETS Pu and Am mobility, evaluations of empirical &s have two 

valid functions at RFETS. (I) They may be useful for worst-case scenarios of subsurface 

transport. (2) Their high values predict that Pu and Am will be almost entirely associated 

with solids and, therefore, that particulate transport mechanisms for Pu and Am are dominant 

at RFETS. 

a 

Studies at RFETS suggest that appropriate empirical &s at RFETS would lie in the lo4 to 

lo5 mUg range for Pu arid in the lo3 to lo8 range for Am. &s of lo3 mUg or greater 

indicate immobilized actinides and support the conclusion that subsurface transport of 

soluble species from the 903 Pad area and other RFETS locations should be a negligible 

pathway for hi and Am transport. 

Measurements of actinide movement caused by wind and storm runoff show that the 

observed mobility of Pu and Am at RFETS is largely controlled by soil surface erosion 

processes and is essentially the same as the mobility of the surface soils and stream 

sediments . 
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' 0  
Although transport by erosion of surface soil particulates is the predominant mechanism for 

Pu and Am movement at RFETS, the smaller potential for Pu and Am migration downward 

and laterally through the soil subsurface should be addressed. Pu and Am are known to 

associate with colloid-sized solids small enough to be carried by water movement through 

the soil matrix. Pu and Am are also known to form ionic species of increased solubility 

through complexation and hydrolytic processes involving environmental anions such as 

hydroxide and carbonate to form positively or negatively charged ions. Such charged 

complexes often have greater solubility than the uncomplexed solids. The positively charged 

ions generally have high sorptivity, while negatively charged ions generally have low 

sorptivity. The significance of complex-facilitated transport of Pu and Am at RFETS is not 

quantified at this time. 

The oxidation state of actinides has a controlling effect on their environmental behavior. 

Oxidation states, in turn, are determined by each actinide's unique electronic structure and the 

geochemical conditions of surrounding soil and water. The actinide oxidation states of 

environmental interest are III, IV, V and VI. Different oxidation states can form various 

molecular complexes, each with a characteristic solubility and chemical reactivity. Actinides 

in the lower oxidation states (111 and IV) tend to form complexes with very low solubilities 

and the strongest sorption to mineral and rock surfaces. Actinides in the higher oxidation 

states (V and VI) tend to form complexes with much higher solubilities and the weakest 

sorption to mineral and rock surfaces. 

Because of oxidation state differences, the environmental behavior of U is very different 

from that of Pu and Am. Whereas Pu and Am tend to be in the lower oxidation states III 

(Am) and IV (Pu) under environmental conditions, U can be present in the two oxidation 

states IV and VI. Because U(V1) forms compounds of much greater solubility than do 

Pu(IV) or Am(III), U exhibits a much greater tendency to be in dissolved forms than do Pu 

or Am. 

0 World-wide & values for U show greater variability than for Pu and Am. World-wide U &s 

vary from less than unity to around lo4 mUg, with typical values between about 10 and 
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1,000 mUg. The EPA (1999) recommends that the best way to model the concentration of U 

may be with solubility constants rather than a & approach. 

0 U occurs naturally at much higher concentrations than are measured for Pu and Am. 

Leaching of U from mineral deposits and sediments derived from U-containing rocks 

contributes to the overall U concentrations measured at RFETS. Some of the U used at 

RFETS was depleted in U-234 and U-235 and some was enriched, relative to naturally- 

occumng U. These isotopic differences have been used to confirm that most of the sampled 

wells contain natural U along with anthropogenic U originating from RFETS activities. 

However, studies so far are not yet complete enough to determine relative contributions from 

natural and RFETS sources. 

Unlike Pu and Am, environmental U species can undergo significant subsurface transport. 

However, except in the immediate vicinity of source terms, measured levels of U at RFETS 

are difficult to distinguish from background. Data concerning the historical distribution of 

natural U will be useful for predicting the movement of anthropogenic U,.since U from 

RFETS sources will be subject to similar conditions of geochemistry and dispersal 

mechanisms as background U. 

0 In many instances, & models have been shown to predict geochemical behavior that is 

contrary to field measurements. If the basic & approach is refined by including data 

concerning the effects on & of various environmental parameters, its predictive capabilities 

improve. However, the & approach will still combine multiple disparate processes and 

chemical reactions into a simplified parameter so that an empirical component will always be 

present . 

The complexity and spatial heterogeneity of the subsurface soiVwater matrix makes an 

important contribution to restrictions on using empirical &s for predicting contaminant 

mobility. The restrictive conditions imposed on a & value indicate that its application will 

always be highly Site-specific, especially when precise and single-valued &s are required. 

For extremely low-solubility elements (e.g. Pu and Am), mechanicallphysical processes will 
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totally dominate transport mechanisms and will negate the use of chemical approaches such 

as & andor equilibriudcomplexation models. 

Both the & and chemical equilibriudcomplexation approaches assume conditions of system 

equilibrium and reversibility. Neither approach can deal convincingly with kinetically 

controlled and open non-conservative) systems. Nevertheless, both modeling approaches can 

use literature data to compare mobility predictions with known transport behavior at RFETS. 

Such comparisons indicate that, even with extensive Site-specific & data, such modeling 

approaches will not provide useful predictive capabilities for decision support with respect to 

Pu and Am transport, although they might be of value for U. 

TA-3.3 SUMMARY OF ACTINIDE ELEMENTS: PLUTONIUM, AMERICIUM AND 

URANIUM 

Pu, Am and U are members of the actinide group of elements, those fourteen elements with 

atomic numbers 90 to 103 that follow actinium in the Periodic Table (Figure TA-3-1). The 

actinide elements occupy their unique position at the bottom of the Periodic Table and they all 

contain 5felectrons in their valence shell. 

A common characteristic of the actinide elements is that their electronic structures minimize 

chemical dfferences among them and results in similar chemical behavior within a given period 

as well as within a given group of the periodic table. This behavior can be explained by 

siinilarities in atomic radii and ionization energies and is in contrast to the main group (non- 

transition) elements, where chemical similarities occur mainly within a periodic table group and 

chemical properties change markedly across a given period. Because chemical differences 

among the actinides are small, systematic and largely,,predictable, it is frequently possible to 

estimate chemical properties of less well-known actinides from observations on more studied 

members of the group. In fact, some properties of the heavier members of the actinides were 

predicted prior to discovery (Seaborg and Loveland, 1990). 
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Figure TA-3-7. Periodic Table of the Elements 
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All actinides undergo the characteristic chemical reactions of reductiodoxidation, acid-base 

changes in speciation, precipitation and coprecipitation, formation of aqueous complexes, 

sorption and formation of finely divided particles (true colloids and pseudocolloids; see Section 

TA-3.7) (Allard and Rydberg, 1983, Choppin, 1988, Dozol and Hagemann, 1993, Silva and 

April 2002 3-8 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

Nitsche, 1995). Because actinide environmental behavior is so complex, the environmental fate 
e 

of actinides can differ markedly at different sites due to differing geochemical conditions. 

Environmental properties of actinides are controlled largely by their oxidation state. Oxidation 

states, in turn, are determined by each actinide's unique (although similar) electronic structure 

and the geochemical conditions of surrounding soil and water. The actinide oxidation states of 

environmental interest are 111, IV, V and VI. Different oxidation states can form various 

molecular complexes, each with a characteristic solubility and chemical reactivity. Actinides in 

the lower oxidation states (111 and IV) hydrolyze readily and form complexes with very low 

solubilities and the strongest sorption to mineral and rock surfaces. Actinides in the higher 

oxidation states (V and VI) can form complexes that have much higher solubilities and the 

weakest sorption to mineral and rock surfaces. Because of differences in electronic structure, 

each actinide exhibits dfferent oxidation states for any given set of solution conditions. 

Within the actinides, the stability of the higher oxidation states (V and VI) decreases with 

increasing atomic number and there is a correspondmg increase in the stability of, first the IV e 
state and then the 111 state. Thus, the VI state is more important for U (atomic number 92) than 

for Pu (atomic number 94) or Am (atomic number 95). The most stable state for Pu is IV and for 

Am, it is m. 

The most common way to display the dependence of oxidation state on solution conditions is 

with a plot that shows oxidation states as a function of pH and redox potential (Eh). Such plots 

are called Pourbaix dagrams, Eh-pH diagrams or "predominance-area" diagrams (because they 

show the predominant redox species within different EtJpH ranges). Figure TA-3-2 shows a 

Pourbaix diagram for aqueous Pu species (CPu(aq) = lo-* M) in water containing Pu, hydroxide, 

carbonate and fluoride ions. It shows which oxidation states and chemical species are 

predominant under different conditions of pH and redox (Eh) potential. Other less abundant 

species and oxidation states may be present at the same time under the same conditions. 

The ranges over which different oxidation states are most stable are bounded by solid straight 

lines. The exact position of the oxidation state boundaries depends also on the total Pu 
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concentration and the solution ionic strength. In general, the more dilute the solution, the larger 

the predominance areas for soluble species. Pure acid-base equilibria between different 

oxidation states are indicated by vertical boundaries and pure redox equilibria by horizontal 

boundaries. Combination equilibria involving both redox potential and pH produce diagonal 

boundaries. Diagonal boundaries generally slope downward from left to right because basic 

solutions tend to favor the more oxidized species. 

Of particular interest is the range of EdpH values found in natural waters (seawater, rainwater 

and groundwater), bounded by the grayed area in Figure TA-3-2 (Wulfsberg, 1987). The figure 

shows that, in natural waters and Pu concentration of M, dissolved Pu may exist in oxidation 

states 111, IV and V depending on the actual geochemical (pH, Eh, etc.) conditions. Note that the 

stability zone for solid PuOz(c) overlaps nearly all of the EdpH range on natural waters. The 

three solid dots are triple points, where Pu can exist simultaneously in three different oxidation 

states. Disproportionation reactions can occur at and near these points. See Katz et al. (1986), 

Choppin et al. (1995) and Cooper (2000) for discussions of actinide solution chemistry. 

Although different actinides in the same oxidation state have similar chemical properties, the 

overall environmental chemistry of the actinides, especially Pu, is complex because of the 

potential to have multiple oxidation states in solution, to undergo extensive hydrolysis and to 

undergo hydrolytic polymerization (Coughtrey et al., 1984; Katz et al., 1986; Seaborg and 

Loveland, 1990; Choppin et al., 1995). In addition to oxidation state, actinide speciation in 

dissolved and solid phases, as well as sorptioddesorption behavior, can also depend on: 

pH; 

nature of solid surfaces. 

presence of organic and inorganic complexing ligands; 

formation of polymers and colloids; and 

A summary of important points from Sections TA-3.4 through TA-3.7, related to actinide 

mobility of Pu, Am and U in the environment is presented in Sections TA-3.3.1 and TA-3.3.2. 
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Figure TA-3-2. Pourbaix Diagram for Plutonium 
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Eh vs. pH diagram showing the stability fields of predominant aqueous species calculated for the system 
Pu/02/CO2/H20 at 25OC and 1 bar total pressure. The diagram is calculated for a total dissolved Pu [XPu(aq)] 
concentration of 10' M and a total dissolved carbonate [XC03(aq)] concentration of 10' M. Roman numerals 
indicate predominant Pu oxidation states. The approximate range of EdpH values found in natural waters is found 
within the gray zone. The dashed lines show the stability field of highly insoluble PuOz(c), which overlaps most of 
the diagram and limits the maximum concentration of Pu in the overlapped regions to,about lo-* M. The three solid 
dots are triple points, where Pu can exist in three different oxidation states. The slanted lines that are upper and 
lower bounds to the diagram define the area of water stability. Above the upper line, water is thermodynamically 
unstable and is oxidized to elemental oxygen gas and hydrogen ions; below the lower line, hydrogen ions in water 
are reduced to elemental hydrogen gas (adapted from Langmuir, 1997). 

TA - 3.3.1 Plutonium and Americium 

Pu and Am often behave similarly in the environment, differing from U due to differences in 

environmentally stable oxidation states. Natural background concentrations for Pu and Am are 

very low, arising primarily from past atmospheric nuclear weapons testing. 

April 2002 3-1 I 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

The environmental species of Pu and Am are often similar in that they both are relatively 

insoluble. In natural waters, Pu and Am solubility is generally limited by the formation of 

amorphous hydroxides or oxides. Sorption of hydrolyzed Pu(IV) or Am(III) in natural water on 

mineral surfaces and surfaces coated with organic material is often accountable for the very low 

observed concentrations of dissolved Pu and Am. The strong tendency of the hydroxides to sorb 

onto surfaces is a dominant and often controlling feature in Pu and Am geochemistry. Therefore, 

both Pu and Am are generally transported with soil particles or colloids, carried by wind and 

water movement. A result of the environmental predominance of solid phases is that 

environmental & values for Pu and Am are large (lo3 to lo5 d g ) .  

The main processes by which Pu and Am become associated with solids are by: 

Adsorption of dissolved Pu and Am to solid surfaces of soils, sediments and colloids; 

Ion exchange of dissolved Pu and Am to charged sites on clay and mineral surfaces and 

humic material; 

Precipitation of hydrolyzed Pu and Am as polyhydroxides and oxides; 

Coprecipitation and occlusion of dissolved Pu and Am with other precipitating minerals, 

such as oxides of aluminum, iron and manganese; and 

Polymerization of Pu ions into colloidal solids with molecular weights up to about 10,000 

Daltons. 

Pu and Am tend to be in the least soluble lower oxidation states III (Am) and IV (Pu) under 

environmental conditions common at RFETS. Pu(IV) and Am(III) hydrolyze readily to form 

hydrolytic species with the general formulas: 

P U ( O H ) ~ ~ " ~  (rn = 1,2,3,4) and (3-n)+ Am(OH), (n = 1,2,3) 
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Form = 1,2  or 3, Pu forms the cations Pu(0H) 3+, Pu(OH)~~+ and Pu(OH)3+, which can 

contribute significantly to the overall solubility of Pu(IV). However, the case of m = 4 leads to 

amorphous Pu(OH)4(s), which has very low solubility. Am behaves similarly, hydrolyzing to 

form the soluble cations Am(OH)2' and Am(OH)2+ for n = 1 and 2, but producing the much less 

soluble Am(OH)3(s) for n = 3. When the solid hydrolysis products Pu(OH)4(s) and Am(OH)3(s) 

are present, their solubilities tend to limit the overall actinide solubility of systems that also 

contain the cationic hydrolysis products. 

Amorphous Pu(OH)4 polymerizes during aging by losing protons and forming oxygen bridges 

between adjacent molecules, aging toward the still less soluble form of polycrystalline PuOz(c). 

The estimated solubility of amorphous Pu(OH)4 is around 10-9(d2' M and that of PuOz(c) around 

10-15(d3) M (Knopp, 1999). The solubilities of the solid forms of Pu impose an upper limit on the 

total amount of dissolved Pu that can be present, even if Pu(V) or Pu(V1) are the more stable 

dissolved forms. In Figure TA-3-2, the stability fields of Pu(OH)4 (not shown) and PuOz(c) 

(shown) overlap most of the Eh/pH range of natural waters. When Pu(OH)4(am) and PuOz(c) are 

present, they limit the concentrations of soluble Pu species to about lo-' M (Langmuir, 1997). @ 
However, in addition to hydrolysis, Pu and Am can form aqueous complexes with carbonate and 

other anionic species, as well as with humic substances. Complex formation can influence 

solubility and sorption characteristics. In a worst-case scenario, solubility may be increased and 

sorption inhibited, resulting in increased mobility. 

TA - 3.3.2 Uranium 

U must be treated apart from Pu and Am; it occurs naturally, has a higher natural background 

arising primarily from U-bearing mineral deposits and, because of oxidation state differences, the 

environmental behavior of U is very different from that of Pu and Am. U is stable in the two 

oxidation states IV and VI. Because U(V1) forms compounds of much greater solubility than do 

Puw) or Am@), U exhibits a much greater tendency to be in dissolved forms than do Pu or 

Am. In general, U is slightly soluble under R E T S  environmental conditions, as compared to 

the insolubility of Pu and Am. 
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U is the most abundant actinide occurring naturally in the environment. U activity in 

Colorado surface soils averages around 1.2 pCi/g. U is ubiquitous in the Colorado Front 

Range and background measurements of U activity in wells west of RFETS (generally 

upgradient and upwind of the Industrial Area) have been measured as high as 1,200 p C L .  

0 Because of its greater solubility under environmental conditions, aqueous dissolved transport 

of U must be recognized as a potentially important pathway. 

U, generally, is least mobile in reducing (anaerobic) environments with low concentrations of 

complexing anions and most mobile in oxidizing (aerobic) environments with high 

concentrations of complexing anions. 

The EPA (1999) suggests that, because precipitation reactions often regulate the levels of 

dissolved U more effectively than sorption processes, in some cases the use of solubility 

constants may be a better way to model U mobility than the & concept. Langmuir (1997), 

however, states that trace levels of U (arid other actinides) in the subsurface equilibrate with 

sorption sites. At pH>5 and concentrations below the soliddissolved equilibrium, dissolved U 

partitions between water and solid surfaces such that more than 99 % is associated with surfaces 

and less than 1 % is in the mobile dissolved form. 

TA-3.4 PLUTONIUM GEOCHEMISTRY 

TA - 3.4.1 Origin and Occurrence of Plutonium 

General Literature Background 

Pu (atomic number 94) has 15 known isotopes, all radioactive, 5 of which are of environmental 

concern due to their abundances and long half-lives: PU-238 (tln = 87.7 y), Pu-239 (tin = 2 . 4 ~ 1 0 ~  

y), Pu-240 (tin = 6 . 5 ~ 1 0 ~  y), Pu-241 (tin = 14.4 y) and Pu-242 (tln = 3.8~10’ y) (Lide, 1990). 

The use of Pu-239 as a basic fuel or source of fuel for release of nuclear energy is well known. 

Because of the large amount of heat released during its radioactive decay, Pu-238 is used to 
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provide energy for small thermoelectric power units such as those used in NASA’s space 
a 

program. 

As with all transuranium elements, Pu is a product of nuclear reactions that only rarely occur 

naturally (Katz et al., 1986; Seaborg and Loveland, 1990; Choppin et al., 1995). Pu is produced 

when U nuclei in fissioning U fuel capture neutrons. Therefore, Pu is almost entirely a product 

of the nuclear industry and is not associated in more than ultratrace concentrations with ore 

bodies or other geological formations. Pu has been produced in larger quantities than any other 

transuranic element and has been the subject of extensive ecological and biological research. 

Pu enters the environment as waste material, through accidental releases or d~sposal of wastes 

generated during fuel processing and by the production and detonation of nuclear weapons 

(Warner and Harrison, 1993, Chapter 1; Watters et al., 1983). Pu in the environment exists 

mostly as precipitated oxides and in a strongly sorbed state to the organic and oxide fractions of 

surface soils and sediments (Livens et al., 1986). Pu dissolved in environmental waters tends to 

be progressively eliminated from the water as it encounters surfaces to which it can sorb and 

conditions that result in precipitation. Over 99 % of Pu released to arid environments ends up in 

soil and sediments (Warner and Harrison, 1993, Chapter 4; Watters et al., 1983). 

The global average activity of Pu in soils is between 5x104 and 2 ~ 1 0 - ~  pCi/g, with most of the Pu 

being near the soil surface (top 10 to 15 cm) (Guillaumont and Adloff, 1992, Seaborg and 

Loveland, 1990). The physical transport of Pu-bearing solids is primarily due to wind and 

surface water movement (Federov et al., 1986; Little et al., 1980; Little and Whicker, 1977; 

McLeod et al., 1980; Pinder et al., 1990; Watters et al., 1980; Whicker and Schultz, 1982). 

Because higher Pu concentrations can be strongly related to smaller soil particle sizes, there is a 

potential for concentration enrichment of Pu in sediments derived from eroding soil (Warner and 

Harrison, 1993, Chapter 4). This potential for enrichment can influence the eventual 

redistribution of Pu and its transport by air and water pathways. 

Several studies of Pu released to relatively shallow aquatic ecosystems (such as Lake Michigan 

and the Irish Sea) show that around 95 96 or greater of aquatic Pu ends up in sediments 
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(Edgington and Robbins, 1976, Heatherington, 1978, Livingston and Bowen, 1976, Pillai and 

Mathew, 1976). In lake waters, the average concentration of Pu is about 10‘ pCi/L, while lake 

sediments contain about 0.1 pCi/g (Guillaumont and Adloff, 1992). In surface and 

groundwaters, a significant part of sorbed Pu is attracted by electrical charge forces to colloidal- 

size solids (0.001 to 2.0 pm) and may be mobilized in this form by water flow until coagulation, 

flocculation and soil sorption processes cause settling and immobilization. In aquatic sediments, 

there is some translocation of Pu to the sediment surface due to the activities of benthic biota. 

Less than one percent (and perhaps closer to 0.1 %) of all Pu in the environment ends up in the 

biota (Watters et al., 1983). The percentage of all Pu found in vegetation ranges from lo5 to 2 

%, in ground surface litter from lo4 to 2 % and in animals from lO-’to 1 % (Watters et al., 1983). 

When judging the significance of percent distributions, it should be kept in mind that, as stated 

above, the global average activity of Pu in soils is between 5xlO‘and 2x10’ pCi/g. 

The lstribution of fallout Pu from testing nuclear weapons is not uniform across the earth’s 

surface. Geographic and meteorologic variability have produced spatial differences in fallout 

levels. Hardy et al. (1973) studied the distribution of fallout Pu and measured the isotopic ratios 

in soil samples collected from around the world. They determined that the heaviest fallout of Pu- 
239 and Pu-240 lies in the temperate latitudes of the Northern Hemisphere, whereas, 

concentrations of Pu-238 are greatest in the temperate latitudes of the Southern Hemisphere 

(Hardy et al., 1973). Purtymun et al. (1990) studied the deposition and distribution of Pu from 

world-wide fallout and concluded that variations in Pu concentrations and isotope ratios can be 

attributed to regional and local weather patterns, unequal distribution by physical transport and 

variability in Pu particle size. 

TA - 3.4.2 Plutonium at RFETS 

“Weapons grade” Pu was used exclusively at Rocky Flats. The abundances of the Pu isotopes of 

concern in weapons grade Pu are: Pu-238,O.Ol wt. %; h-239,93.79 wt. %; Pu-240,5.8 wt. %; 

Pu-241, 0.36 wt. %; Pu-242,0.03 wt. % (DOE, 1997). 
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Pu and other actinides entered the RFETS environment primarily as reactive metal, oxide or in 

solution (DOE, 1997). Acidic Pu-containing solutions, commonly nitric acid, were used at the 

site in the Pu recovery processes and solvents and oils were used for machining Pu metal. The 

behavior of actinides of RFETS origin, therefore, potentially contrasts in many respects with that 

of actinides deposited following thermonuclear explosions or deposited in the form of refractory 

wastes resistant to nitric, hydrofluoric and hydrochloric acid digestion. Nevertheless, 

measurements at RFETS (Little, 1977, Little, 1980, Tamura, 1977, Langer, 1986) are similar to 

world-wide measurements, showing that about 99 9% of Pu at that site is associated with soil 

particles. 

e 

TA - 3.4.3 Aqueous Speciation 

General Literature Background 

In the normal range of environmental pH and redox conditions, Pu can exist in four oxidation 

states: 111, IV, V and VI (Allard and Rydberg, 1983; Choppin et al., 1997). A fifth oxidation 

state, Pu(VII), is also known to exist (Krot and Gelman, 1967) but only under extremely 

oxidizing conditions rarely found in nature and not relevant to this report. In a discussion of 

long-term behavior of constructed actinide mobility barriers, Kim (2000) offered a few general 

guidelines to actinide geochemistry under reducing conditions, (An refers to any actinide 

element) : 

e .  

Under reducing conditions, which are common for deep aquifers, actinides in oxidation states 

An(V) and An(V1) are reduced to An(III) or An(IV); 

0 Actinides of An(IlI) and An(IV) are sparingly soluble in water at neutral pH; and 

0 These anoxic chemical properties lead to the strong tendency of actinides in the subsurface to 

sorb to native colloids, forming so-called pseudo-colloids. 

The behavior of Pu in its different oxidation states is influenced by factors such as: 

concentration, the presence of complexing, oxidizing and reducing agents, pH and extent of e 
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hydrolysis (Choppin, 1983; EPA, 1999). Under reducing conditions, Pu(m) species are 

dominant up to pH values of about 8.5 to 10; above this pH range Pu(IV) species are dominant. 

(See Figure TA-3-2). However, under oxidizing conditions and at pH values greater thin 4.0, Pu 

can exist in IV, V and VI oxidation states (Clark et al., 1994; Keeney-Kennicutt and Morse, 

1985). The Pu(lII) and Pu(N) oxidation states are notably more sorptive and less soluble than 

the higher states because of the high net charge on their aquo-ions (Duff et al., 1999). The 

higher states, Pu(V) and Pu(VI), are less charged because their aquo-ions exist as dioxo cations: 

Pu(V)O2+ and Pu(V1)OP (Choppin et al., 1997; Duff et al., 1999 and included references). 

Reilly et al. (2000) investigated the solubility and speciation of the Pu(VI)/carbonate system 

under carefully controlled laboratory conditions. These authors found that Pu(V1) in low ionic 

strength carbonate solutions is reduced to Pu(IV) within hours to days, while highly concentrated 

NaCl appears to stabilize the Pu(VI) state. 

Pu(V) ions will disproportionate to Pu(IV) and Pu(V1). The condition under which this 

disproportionation reaction occurs is highly sensitive to pH and metal ion concentration. At low 

Pu concentrations (less than about 10" M) and neutral pH, the stability of Pu(V) is enhanced, 

making Pu(V) the dominant form of soluble Pu found in seawater (Choppin et al., 1997; Nitsche 

et al., 1994; Rai et al., 1980b). Under high actinide concentrations, such as those found in 

laboratory experiments, radiolytic decomposition of water from the radioactivity of dissolved Pu 

can generate strong redox reagents such as the short-lived radicals *H, *OH and *O as well as the 

radical recombination products H2,02 and H202. The result is that radiolysis tends to initiate 

disproportionation of Puw) to Pu(IV) and Pu(V1) and further, to reduce Pu(V1) and Pu(V) to the 

Pu(IV) and Pu(III) states (Clark, 2000; Runde, 2000). 

The environmental behavior of Pu is also influenced significantly by its tendency to form 

aqueous complexes with hydroxyl (hydrolysis), carbonate and other anionic species, as well as 

with humic substances (complexation). Nelson et al(1987) and Choppin and Morse (1987) have 

shown that the oxidation state of dissolved Pu under natural conditions can also be influenced by 

the colloidal organic carbon content of the system. 
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a Hydrolysis 

In near-neutral pH surface and ground waters, actinide speciation is dominated by hydrolysis 

processes (reactions with water to form complexes of H20, OH- and 02-), with lesser influence 

from complexation with dssolved organic matter and inorganic anions such as carbonate and 

phosphate (Clark et al., 1995). Actinide hydrolysis yields soluble hydroxide or oxide complexes, 

as well as precipitates of hydroxides, oxides or basic salts. Hydrolysis reactions are significant 

for all actinide ions at pH values found in natural waters, with the exception of Pu(V). Both 

Pu(IV) ions have high charge-to-size ratios and form hydrolysis products even in acidic 

solutions, as low as pH = 0. (Clark, et al., 1995) Pu(V) has the lowest tendency to hydrolyze and 

form complexes with ligands (Choppin, 1983) while Pu(N) hydrolyzes more readily than all 

other redox species of Pu (Allard, 1982; Knopp et al., 1999). The order of hydrolysis of Pu 
redox species follows the sequence Pu(IV) > Pu(III) > Pu(V1) > Pu(V) (Choppin, 1983). 

Pu tends to be in the least soluble lower oxidation state, Pu(IV), under environmental conditions 

common at RFETS. Pu(IV) hydrolyzes readily to form hydrolytic species with the general 

formula, PU(OH),'~-~'+ (m = 1,2,3,4).  For m = 1,2 or 3, Pu forms the cations h(OH) 3+, 

Pu(OH)p and Pu(OH)3+, which can contribute significantly to the overall solubility of Pu. 

However, the case of m = 4 leads to amorphous Pu(OH)4(s), which has very low solubility. 

With four hydroxyl groups attached to Pu(IV)(OH)4, there is a tendency to polymerize beyond 

simple dimers or trimers and form extensive polymeric networks, which can reach colloidal 

dimensions and exists as colloidal suspensions. These species are metastable and will ultimately 

condense with loss of water to form oxo-bridged polymers [Pu(OH)4(am) or Pu02'2H20)I of 

various molecular weights, as high as lo4 au (atomic units) (Cleveland, 1979; Toth et al., 1983). 

Shortly after forming, these polymers can be decomposed by acidification or oxidation. As the 

polymers age, however, protons are lost, oxygen bridges increase in abundance and the' 

polymerization process becomes increasingly irreversible. As aging develops, the polymeric 

material begins to develop a crystalline structure, which increasingly resists dissolution even in 

concentrated nitric acid (Toth et al., 1983; Choppin, 1983). These positively charged solid 
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polymer particles are mixtures of p~(OH)~(am) and polycrystalline PuOz(c) and are of colloidal 

dimensions (Triay, 1991; Thiyagarajan, 1990). The degree of crystallinity of its solid 

compounds is the second most important factor affecting the solubility of Pu, the first being its 

oxidation state; amorphous solids in the same oxidation state being more soluble than the 

corresponding polycrystalline solids. As the transformation is kinetically slow, it may take up to 

several years for amorphous Pu(OH)4(s) to change to polycrystalline PuOz(c). When the 

hydrolysis product Pu(OH)4(s) is present, its solubility tends to limit the overall Pu solubility of 

systems that also contain the cationic Pu hydrolysis products. 

The estimated solubility of amorphous Pu(OH)~ is around 

10-15(d) M. The solubilities of the solid forms of Pu impose an upper limit on the total amount of 

dissolved Pu that can be present, even if Pu(V) or Pu(V1) are the more stable dissolved states. In 

Figure TA-3-2, the stability fields of Pu(OH)4(am) (not shown) and PuOz(c) (shown) overlap 

most of the EJpH range of natural waters. When Pu(OH)4(am) and PuOz(c) are present, they 

limit the concentrations of soluble Pu species to about lo-* M to 

al., 1980a and Delegard, 1987). In a study of the speciation of neptunium and Pu in Yucca 

Mountain waters reported by Efurd (1998), 99 % of the soluble Pu was calculated to be in the IV 
state as Pu(OH)4(aq). When using Pu(OH)4(s) as the solubility-limiting solid in their 

geochemical models, the dissolved Pu concentration was predicted to be about lo-’ M, based on 

thermodynamic data available in the open literature. In this study, experimental data indicated 

Pu concentrations that are larger by one to two orders of magnitude, presumably because Pu 

solubility is actually controlled by amorphous oxidehydroxides or colloidal forms of Pu(IV). 

Runde notes that if crystalline PuOz(s) were the solubility-limiting solid, P u w )  solubility would 

be about lo-’’ M, well below the Pu(lV) hydroxide solubility range. 

M and that of PuO2(c) around 

M (Langmuir, 1997; Rai et 

Nelson et al. (1987) found that Pu precipitation occurred if the solution concentration exceeded 

lo-’ M.. The formation of insoluble Pdoxygen polymers may render invalid simple solubility 

constants (ICsp) calculated for solid Pu hydroxides (Choppin, 1983) and can influence the 

measured values of empirical distribution coefficients (&) for systems containing Pu hydroxides 

@PA, 1999). 
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Complexation 

Dissolved Pu is known to form complexes with naturally-occurring oxygen- and nitrogen-donor 

organic and inorganic ligands (Cleveland, 1979). Common inorganic ligands include hydroxyl 

(discussed in the Hydrolysis section), carbonate, nitrate, sulfate, phosphate, chloride, bromide 

and fluoride. Organic ligands include acetate, citrate, formate, fulvate, humate, lactate, oxalate, 

tartrate and dissolved natural organic matter (humic and fulvic material). Two synthetic organic 

ligands known to complex Pu are EDTA and 8-hydroxyquinoline derivatives; it is likely that 

there are many more. 

The tendency of Pu in various oxidation states to form complexes depends on the ionic potential, 

defined as the ratio (dr) of the formal charge (z) divided by the ionic radius (r) of an ion. 

Among Pu redox species, Pu(IV) exhibits the highest ionic potential and, therefore, forms the 

strongest complexes with various ligands. Because the ionic radii of the four common oxidation 

states are of similar magnitude, the stability of Pu complexes parallels the overall charge of the 

central Pu ion: 

Pu4' > PU3+ = PUO? > PUO2+. 

Pu4+ forms the strongest complexes and Pu02' forms the weakest. Clark (2000) points out that 

the actinyl cations (cations where an actinide atom is covalently bonded to two oxygen atoms), 

PuOz' and PuO?, form complexes that are stronger than would be expected when compared 

with monovalent and divalent cations of lighter elements. 

Pu ions have relatively large ionic radii, so that many ligands can fit around them. They also can 

exhibit high oxidation states and have a large number of valence shell orbitals available for 

bonding. Therefore, many donor atoms will bond to the central Pu ion and so coordination 

numbers of 8 and 9 appear to be very common in Pu complexes (Clark, 2000). Ligands, such as 

chloride and nitrate, form weak complexes with Pu, whereas fluoride, sulfate, phosphate, citrate 

and oxalate form stronger complexes. Carbonate and bicarbonate anions are found in significant 
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concentrations in many natural waters and are exceptionally strong Pu-complexing agents. It has 

been shown for dilute Pu(VI)/carbonate solutions, that actinyl species of composition 

PuO2(CO3), PuO2(CO3):- and PUO~(CO~);- can all exist under the appropriate solution 

conditions (Clark et al., 1995). Pu ionic species that normally exhibit very low solubilities in 

near-neutral solutions can become much more soluble through the formation of anionic 

carbonate complexes (Clark, 2000). 

Also included among the strongest complexes of Pu are the hydroxy-carbonate mixed ligand 

complexes (e.g., Pu(OI-&(C03):- ), formed when carbonate complexation competes with 

hydrolysis (Runde, 2000; Clark, 2000, Tait et al., 1995; Yamaguchi et al., 1994; Kim et al., 

1983). Additionally, dissolved fulvic and humic material may also form complexes with Pu. 

Although the nature of humic complexes of Pu and their stability constants have not been fully 

characterized, it is believed that they may be.the dominant soluble species in natural 

environments at pH below 5 to 6 (Allard and Rydberg, 1983). Recent studies using lanthanide 

field tracers (McCarthy et al., 1998) have shown, by analogy, that complexation with naturally- 

occumng organic matter can facilitate the mobility of Pu and other actinides. 

The EPA (1999) modeled the aqueous speciation of dlssolved Pu as a function of pH, under 

redox conditions characteristic of typical river water, to predict the most probable dominant Pu 

aqueous species. The variables included redox state as well as the pH and composition of the 

water. The calculation employed the MINTEQA2 computer code using water properties of river 

water with a world mean composition from Hem (1985) and a total dissolved Pu concentration of 

3.2xlO-'' mg/L (1.36~10-'~ M). This Pu concentration is based on the maximum activity of Pu- 

2391240 measured by Simpson et al. (1984) in 33 water samples taken from the highly alkaline 

Mono Lake in California. 

The MINTEQA2 computer code is generally used with a thermodynamic database to calculate 

complex chemical equilibria among aqueous species, gases and solids and between dissolved and 

adsorbed states. It was originally constructed by combining the mathematical structure of the 

MINEQL code (Westall et al., 1976) with the thermodynamic database and geochemical 
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attributes of the WATEQ3 code (Ball et al., 1981). See Allison et al. (1991) for a description of 
e 

The species distribution was calculated assuming multiple Pu oxidation states might be present 

based on thermodynamic equilibrium considerations. The redox conditions used were based on 

an experimentally determined pWEh relationship described by Lindsay (1979) for suspensions of 

sandy loam and distilled water. Thermodynamic data for aqueous species considered in the 

calculation were taken primarily from Lemire and Tremaine (1980) and other secondary sources, 

with database modifications described by Krupka and Serne (1998). 

Results are plotted as a species distribution diagram in Figure TA-3-3, reproduced from EPA 

(1999). The calculations predict that, within the pH range of about 3.0 - 3.5, PUFF and PuO2' 

are the dominant species of Pu. The free ionic species, PuO2' is the dominant form at pH from 4 

to 5. Within the pH range of 5.5 to 6.5, the main species of Pu are PuO2' and PU(OH)~(CO~)~~-  

accompanied by minor amounts of the neutral hydrolytic species Pu(O€€):(aq) and the 

phosphate complex Pu(HPO4)$-. At pH values exceeding 6.5, the dominant dissolved Pu form 

(about 90 %) is Pu(OH)2(C03);- with a minor percentage of Pu(OH):(aq). Such illustrative 

computations indicate that, in the example water and under pH conditions typical of surface and 

ground waters (>6.5), the dominant form of dissolved Pu is expected to be the tetravalent 

complex species, Pu(OH)2(CO3)2-. It is important to note that the speciation of Pu can change 

significantly with changing redox conditions, pH, types and total solution concentrations of 

complexing ligands and major cationic constituents. 

a 
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Figure TA-3-3. Computer simulation of Pu aqueous speciation as a function of pH 
using the MINTEQA2 program 

e 
0 

s c) 

e Y 

n 

5 
b 
E 

Y 

U L 

100 

80 

60 

40 

20 

0 

3 4 5 6 7 8 9 10 

P H  

Redox conditions were based on an experimentally determined pWEh relationship described by Lindsay (1979) for 
suspensions of sandy loam and distilled water. The model assumed a water composition equivalent to world mean 
parameter values for river water as determined by Hem (1985) and a total dissolved Pu concentration of 3.2xlU’O 
mg/L (1.36xlO-” M). Roman numerals have been added to indicate the Pu oxidation states (Adapted from EPA 
1999). 

These results are consistent with the work of Sanchez et al. (1985), who found that at pH 8.6 

increasing the total carbonate concentration beyond 100 milliequivalent per liter (meqk) greatly 

decreased the adsorption of both Pu(IV) and Pu(V) to goethite. As the concentration of 

carbonate approached 1,000 meqk, practically no adsorption occurred. Because goethite at pH 

8.6 contains mainly negatively charged sorption sites that would not attract anionic species, the 

essentially complete suppression of P u w )  and Pu(V) adsorption was attributed to the presence 

of anionic Pu-hydroxy-carbonate species in solution. This work indicates that the pH-of-zero- 

charge for the soils and sediments with which Pu solutions interact can be an important 

parameter affecting mobility. 

April 2002 
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Aqueous Speciation of Plutonium at RFETS 

The background discussion of aqueous speciation will be generally applicable to RFETS'. 
Measurements of Pu in FSETS soils, wells and surface waters indicate that hydrolysis reactions 

have led to polymerized precipitates in the forms of Pu oxides sorbed to soil and sediment 

particles and as colloid-sized oxide particles (Cleveland, 1976, McDowell and Whicker, 1978, 

Kgley, 1992; Runde et al., 2000). 

It is known that calcium carbonate can be a common constituent of RFETS soils (BNFL, 1998). 

Therefore, carbonate complexation could potentially influence Pu speciation at RFETS. Because 

nearly 99 % of RFETS Pu is associated with solids in soils and sediments, it appears that 

complexation and parameters such as pH and redox potential, which potentially could influence 

Pu speciation at RFETS, do not significantly affect Pu solubility on the Site. In sequential 

extraction experiments, Litaor and Ibrahim (1996) found that only 1 to 7 % of Pu in soils taken 

from a location about 250 meters east of the 903 Pad were associated or bound with carbonate 

minerals, based on phase speciation studies. These authors found no clear relationship between 

the Pu and carbonate contents of the soil and the amount of Pu associated with carbonates but 

attributed the lack of correlation to experimental difficulties. 

TA - 3.4.4 Dissolution, Precipitation and Coprecipitation of Plutonium 

General Literature Background 

The presence of amorphous and partly crystallized PuO2 xH2O in near surface soils appears to 

limit soluble Pu concentrations to around 10" M to lo-'' M, when dissolved carbonate species 

are absent (Rai et al., 1980a; Delegard, 1987; Yamaguchi et al., 1994; Efurd et al., 1998). 

However, under controlled laboratory conditions with artificially high dissolved carbonate 

concentrations, dissolved Pu concentrations may increase to micromolar levels. Efurd et al. note 

that their studies do not exclude the possibility that small-sized Pu colloids might be included in 

their filtrates, so that their solubility data should be regarded as an upper bound to the "real" 

solid-liquid phase equilibria in soils. The same caution is likely to apply to the other cited 

solubility studies. 
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Allard and Rydberg (1983) showed that the aqueous concentrations of Pu in nature might be 

controlled by the solubility of the solid phase Pu02 xH2O. Calculations by Allard and Rydberg 

(1983) based on available thermodynamic data at the time, showed that, under reducing 

conditions, the solubility of dissolved Pu is limited by solid phase Pu02 at pH values greater than 

8 and by solid phase Pu2(CO3)3 of trivalent Pu at lower pH values. 

Laboratory studies conducted by Delegard (1987) and Yamaguchi et al. (1994) indicate that a 

freshly precipitated amorphous hOz-xH2O phase controls the equilibrium solubility of Pu to 

around M. Solubility measurements on agedprecipitutes by Rai et d. (1980a) and Delegard 

(1987) showed that the equilibrium Pu concentration of partially crystallized PuO2-xHzO phase is 

lowered to around lo-'' M, but still about 100 times greater than the solubility of amorphous 

PuO2-xH20. Efurd et al. (1998) found that Pu solubility in a Yucca Mountain groundwater was 

controlled by the formation of Pu hydroxides andor PU colloids, which aged towards 

PuOz-xHzO. The dominant species in dissolved Pu was Pu(OH)4(aq). Efurd et al. (1998) found 

that different crystallinities of Pu(IV) colloidal material (possibly caused by different aging times 

or growth in different ionic strength solutions) result in a range of solubilities. They suggest that 

amorphous materials could be the reason for some reported Pu solubility discrepancies. 

For over 50 years it has been widely held that the pU(IV) oxide, Pu02, is the most stable oxide 

and that higher oxidation state oxides, such as PuO3, are unstable (Katz et al., 1986; Seaborg and 

Loveland, 1990; Choppin et al., 1995). Haschke et al. (2000) have recently shown that Pu02 

slowly reacts with adsorbed H20 to form P U O ~ + ~  and H2 via a non-radiolytic chemical reaction. 

From considerations of valence and from some older X-ray photoelectron spectroscopy ( X P S )  

data, the authors proposed that 02- and a small percentage of Pu(VI) accumulates in the oxide 

over time during exposure to humid air. The authors speculated that the purported Pu(V1) in this 

oxide could dissolve and be transported more easily than previously estimated for p U 0 2  alone. 

The identification by Haschke et al. (2000) of some amount of a higher oxide in the PuOs(c) 

lattice does not alter the observed and experimentally well-known fact that Pu oxide is very 

insoluble in water. In reality, the solubility of Pu dioxide is so low that it has always been 

subject to experimental ambiguities regarding the true identity of the solid and solution phases. e 
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Decades of study reveal a range of solubility centered around lo-” M for Pu02 in water at near- 

neutral pH (Knopp et al., 1999). If this higher oxide indeed proves to be present, then dozens of 

measurements, performed all over the world during a period of many decades, inherently include 

the influence of this higher oxide on solubility. 

Moreover, upon speculating that the formation of Pu(VI) in Pu02+, might increase the solubility 

of Pu, the authors failed to consider the influence of environmental factors such as pH, Eh etc. 

Even if the presence of Pu(V1) in a Pu02 matrix were to increase the rate of dissolution, the 

chemical condition (pH, Eh, mineral chemistry, etc.) will determine the stability of Pu oxidation 

states in the aqueous phase and the overall Pu mobility. It is well established that Pu(V1) is 

unstable under environmental conditions and, once in solution, it is generally reduced to lower 

oxidation states that are prone to precipitation as Pu(OH)4(s) or PuOz(s). 

The relative stability of Pu(1V) under environmental conditions has recently been demonstrated 

by Runde et al. (2000), who studied the solubility of Pu as a function of pH, Eh and electrolyte 

concentration (NaC1) in carbonate-containing groundwaters from the Yucca Mountain Site. In 

such waters, X-ray absorption measurements have shown that the presence of amorphous Pu(1V) 

solids control Pu solubility (Rai et al., 1980a; Delegard, 1987; Yamaguchi et al., 1994; Efurd et 

al., 1998). Geochemical modeling supported the prediction that Pu(IV) would dominate at Eh 

(solution redox potential) < 300 mV. As the redox potential was increased above this value, 

Pu(V) was observed. Maintaining E h  at an oxidizing potential (500 mV) while raising the pH 

subsequently produced Pu(V1). The observed Pu(V1) was found to be unstable and converted 

back to Pu(IV) at low pH and low NaCl concentrations, even in the carbonate-containing 

groundwaters of the Yucca Mountain Site. Runde et al. did observe that Pu(VI) was stabilized at 

higher pH (pH > 9) and higher NaCl concentrations. At the carbonate concentrations common 

for natural waters, Pu(V1) is calculated to be stable only at pH above 9. Runde et al. also studied 

the speciation of Pu in contaminated soils from RFETS. The data from X-ray absorption 

spectroscopy (XANES, EXAFS) indicated that Pu was present in the Pu(IV) state as expected 

and was structurally similar to the highly stable and immobile Pu02. 
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Another dominant factor influencing Pu dissolution (or apparent dissolution due to association 

with colloids) is the presence of dissolvedkolloidal organic carbon (COC), mainly humic 

substances (Berry et al., 1991; Choppin, 1988). Many observations show that Pu associated with 

soils and particulate organic matter is present in the Pu(IV) oxidation state (Choppin and Morse, 

1987; Nelson and Lovett, 1980; Nelson et al., 1987; Silver, 1983). Data from laboratory 

experiments (Nelson et al., 1987) showing & values as a function of concentration of COC 

indxate clearly that there is a critical concentration of COC above which & decreases 

significantly (2 to 3 orders of magnitude). The critical COC ranges from about 0.1 mg/L to 

about 3 mg/L, depending on water composition. 

In a recent study of forest soils within the 30-km zone around Chernobyl (Muramatsu et al., 

2000) it was found that Pu activity was divided about equally between the uppermost organic 

soil horizon and the underlying mineral layer. This may indicate that, when Pu was initially 

deposited from the atmosphere, it became associated with organic colloidal material near the 

surface and was subsequently carried by colloid movement in percolating water to greater 

depths. Sampling depths below the soil surface were not reported. 

COC also appears to influence the redox behavior of Pu, possibly by acting as a reducing agent. 

Field and laboratory studies (Nelson et al., 1987) indicate that the concentration of oxidized Pu is 

influenced by the concentration of COC. For concentrations up to about 10 mg/L of COC, the 

effects on total Pu sorption caused by complexation of Pu(III,IV) and reduction of Pu(V,VI) 

seem to cancel each other out, so that dissolved levels of total Pu and, thus, & remain more or 

less constant. Above 10 mg/L of COC, dissolved Pu(V,VI) has all but disappeared and 

Pu(III,IV) complexation dominates, decreasing the & for total Pu markedly. 

Dissolution, Precipitation and Coprecipitation of Plutonium at RFETS 

The water extractability (solubility) of Pu (and other actinides) from RFETS soil has been found 

to be pH dependent and is lowest (0 to 2 %) between pH 3 to 6 (Higley, 1992). Honeyman et al. 

(1999) found no evidence that reducing conditions at RFETS enhanced Pu-239/240 solubility 

(defined as Pu-239/240 activity released from soils to an aqueous phase that passed a 0.45-pm 
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filter). These results might indicate that the dissolution of soil components under reducing 
e 

conditions, such as iron and manganese oxides, is not associated with the release of Pu at 

RFEiTS. As stated before, Runde et al. (2000) found that Pu in RFETS soils was present as 

Pu(IV) and was structurally similar to the stable and immobile PuOz. 

As described above, high concentrations of dissolved carbonate may result in dissolved Pu 

concentrations at micromolar levels. This might potentially be significant for RFETS soils in 

which calcium bicarbonate can be a common constituent (BNFL,, 1998). However, evidence of 

carbonate complexation with Pu was not noted in recent spectroscopic measurements of Pu 

speciation and distribution in soil samples from the Site (Neu et al., 1999). Because Pu 

concentrations were generally low, only the most concentrated samples yielded useful results. In 

these, Pu was found to be in the stable and immobile solid form of PuOz, to be not highly 

associated with elements other than oxygen and to be most concentrated in the 0.01- to 0.02-inch 

size fractions. 

a TA - 3.4.5 SorptionlDesorption of Plutonium 

General Literature Background 

Pu sorbs to soil components such as clays, oxides, hydroxides, oxyhydroxides, aluminosilicates 

and organic matter and to construction material such as cement and concrete (BNFL, 1998). The 

empirical &s for Pu adsorption can vary from low (1 1 mUg for pH -2-3 on quartz) to extremely 

high (300,000 mUg for pH -7 on clays and soils with low carbonate concentrations), depending 

on the pH, the properties of the substrate and the composition of the solution (Allard and Beall, 

1981; Baes and Sharp, 1983; Coughtrey et al., 1985; Thibault et al., 1990). A number of studies 

indicate that iron hydroxides adsorb and reduce penta- and hexavalent Pu to the tetravalent state 

on the solid surface (e.g., Bunzl et al., 1995). Tetra- and pentavalent Pu aqueous species oxidize 

to the hexavalent form upon adsorption onto manganese dioxide surfaces, whereas pentavalent 

Pu adsorbed on goethite disproportionates into tetra and hexavalent forms (Keeney-Kennicutt 

and Morse, 1985). Subsequently, the hexavalent form of Pu is reduced to the tetravalent state. 
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Additionally, these reactions were found to occur faster under light conditions than under dark 

conditions, suggesting photochemical catalysis of some adsorbed Pu redox reactions. 

Duff et al. (1999) found that Pu(V) sorption on a natural zeolitic tuff was primarily at manganese 

oxide and smectite surfaces, with subsequent heterogeneity in the Pu oxidation state. They 

observed that Pu was not sorbed strongly to iron oxides on the natural tuff surface. The 

preferential sorption of Pu to negatively charged sites on manganese oxides suggested that the 

sorbing Pu species were positively charged. Duff et al. (1999) concluded from this that the 

calculated equilibrium speciation for dissolved Pu species is not representative of the distribution 

of sorbed Pu species on the surface and cannot provide conclusive interpretations about the redox 

behavior of sorbed Pu. 

Some laboratory studies indicate that increasing carbonate concentrations decreased adsorption 

of tetra- and pentavalent PU on goethite surfaces (Sanchez et al., 1985). Similar behavior has 

also been observed for other actinides known to form strong hydroxy-carbonate mixed ligand 

aqueous species. These data suggest that Pu would be most mobile in high pH and carbonate- 

rich. groundwaters. See Figure TA-3-3 and associated text. 

It has been observed that the mass of Pu retarded by soil may not be easily desorbed from soil 

mineral components. For example, Bunzl et al. (1995) studied the association of Pu-239/240 

from global fallout with various soil components. They determined which fractions of Pu were 

present as readily exchangeable and which were bound to carbonates, iron and manganese 

oxides, organic matter and residual minerals. For soils at their study site in Germany, the results 

indicated that 3040 years after deposition the readily exchangeable fraction of Pu was less than 

1 %. More than 57 % of the Pu was sorbed to organic matter and a considerable mass was 

sorbed to oxide and mineral fractions. 

SorptiodDesorption of Plutonium at RFETS 

Studies at RFETS related to the mobility of dissolded/colloida Pu do not provide much 

information about sorptioddesorption processes. Litaor et al. (1996 and 1998) collected 

infiltrating water from natural and simulated precipitation and snowmelt. They found that the 0 
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majority of the activity did not move with the infiltrating water. From 0.02 % to 0.07 % of the 

Pu and Am in the surface soil was mobilized, with 83 % to 97 % of the mobile Pu associated 

with particulates greater than 0.45-mm in diameter. An increase in the flux of infiltrating water 

by several orders of magnitude at the deeper sampling levels (40-70 centimeters [cm]) did not 

increase the flux of Pu or Am. This was interpreted as indicating that Pu and Am were 

immobilized by the soil matrix as the water percolated through it. These results are consistent 

with depth distributions of actinides measured for the OU 2, (RCRA Facility 

Investigatioflemedial Investigation [RFI/RI] [DOE 1995b]), which showed that approximately 

90 % of the Pu and Am in contaminated soil near the 903 Pad was in the top 12 cm of soil more 

than 20 years after release. 

Sediments in the A-, B- and C-Series ponds are contaminated with actinides (RFETS, 1998). 

Research on sediments from the ponds has shown that, in the normal environmental pH range of 

6 to 9, Pu and Am are highly insoluble and remain associated with the solid phase (Johnson et 

al., 1974 and Cleveland et al., 1976). Cleveland (1976) found thatPu- and Am-contaminated 

pond sediments extracted with pond water at pH values of 7 and 8 released only between 

0.00084 % and 0.0015 % of the Pu. 

Honeyman and Santschi (1997) leached soil isolates from a region southeast of the 903 Pad and 

found that 0.04 to 0.09 % of soil-associated Pu was “exchangeable.” Based on this 

“exchangeable fraction they determined upper-bounding Pu & values for these soils under oxic 

conditions to be between about lo4 and lo5 mUg. Honeyman (1998) and Honeyman et al. 

(1999) varied the redox potential and found that, for oxic and mildly reducing conditions, less 

that 0.18 % of soil Pu was released to solution or colloids. 

TA-3.5 AMERl Cl U M GEOCHEMISTRY 

The geochemical behavior of Am in the environment is similar to that of Pu; in the absence of 

complexing ligands, particularly carbonate, both actinides tend to be strongly adsorbed to the 

solid phase under neutral to alkaline and oxidlzing conditions. 
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TA - 3.5.1 ' Origin and Occurrence of Americium 

General Literature Background 

Am (Am, atomic number 95) has 15 known isotopes, all radioactive, including all mass numbers 

between Am-232 and Am-247. Most Am isotopes have short half-lives (t1/2 ) (between 0.9 

minutes and 50.9 hours) except for Am-241 (t1/2 = 432.2 y), Am-242 (t112 = 141 y) and Am-243 

(tin = 7 . 4 ~ 1 0 ~  y) (Lide 1990). The most important isotope of Am is Am-241, which is formed 

by radioactive decay of relatively short-lived Pu-241 (t112 = 14.4 y). Processing reactor-generated 

Pu produces kilogram quantities of Am-241. The most common use of Am is as an ionization 

source in household smoke detectors', which use most of the several kilograms of Am, produced 

each year. Am mixed with beryllium is also used as a neutron source for nondestructive testing 

of metal machinery parts, oil well flow measurements, thickness gauges and certain medical 

diagnoses (Grayson and Eckroth, 1985). 

As with Pu, naturally-occurring Am is not found in significant quantities, but a world-wide 

background exists as a result of bomb tests. Am has been detected around waste disposal sites, 

operating power plants and in world-wide atmospheric fallout. 

Americium at RFETS 
. I  

Am at RFETS primarily arises as a radioactive decay product of Pu-241 (t112 = 14.4 y) contained 

within weapons Pu. Am also was purified at FtFETS by.means of a molten salt extraction 

process and sold for commercial applications. Am oxide was sent as a chemical product to Oak 

Ridge National Laboratory (DOE, 1997). 

The Australian Radiation Laboratory conducted tests on radiation sources used in 25 brands of smoke detectors 
available in Australia. These tests showed that each detector contained less than lo6 pCi of Am-241 or about 
2x104g, as required by Australian Standard AS3786 (Uranium Information Centre Ltd 1997). 

I 

3-32 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

TA - 3.5.2 Aqueous Speciation of Americium e 
General Literature Background 

Am can exist in multiple oxidation states (111, IV, V, VI) but is invariably in the Am(III) state in 

aerated waters, in the absence of oxidants other than atmospheric oxygen (Bondietti et al., 1977; 

Nelson and Orlandini, 1986). The major reactions influencing the environmental fate of Am are 

formation of complexes with anions and natural organic matter (controlled by pH and strength of 

complexing anions), precipitation (controlled by solution composition) and sorption (controlled 

by solution composition and the nature of solid phases). Am also may form pseudo and true 

colloids, which could potentially migrate through groundwater in colloidal form, although 

evidence for such migration is equivocal (Silva and Nitsche, 1995). A critical review of the 

chemical thermodynamics of Am has been compiled by Silva et al. 1995. 

Because actinides in the same oxidation state exhibit the same general chemical behavior, 

Am(III), the only state of Am common under environmental conditions (Bondietti et al., 1977; 

Nelson and Orlandini, 1986), is expected to behave in much the same manner as Pu(III). For 

example, Am(III) forms strong hydroxyl and carbonate complexes, as does Pu(III). Figure TA- 

3 4  shows a pCOrpH predominance diagram for the Am(III)/C02/HZO system. Am-carbonate 

complexes dominate as pH increases above a value that depends on the carbonate concentration. 

Anionic carbonate complexes can form above pH 7 and can markedly increase Am solubility 

(Penrose et al., 1990; Silva, 1995). 

@ 
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Figure TA-3-4. Calculated pCOrpH predominance diagram for the system 
Am(lll)/CO~H20 

6 7 8 9 10 

PH 

Ionic strength = 0, ZAm(III)(aq) = 10" M and T = 25°C. Tripled lines indicate solidaqueous boundaries (Figure 
adapted from Langmuir, 1997). 

Aqueous Speciation of Americium at RFETS 

Although Fowler and Essington (1978) found that environmental Am might be more soluble than 

Pu, Litaor et al. (1996) found no evidence for this at the Site. Am and Pu have generally similar 

spatial distributions and dispersal mechanisms at RFETS (Litaor and Allen, 1996). This might 

be expected since it is believed that nearly all the Am-241 activity in soil on the Site results from 

radioactive decay of Pu-241 (tin = 14.4 y) to Am-241 (Litaor et al., 1996). Since the similar 

spatial distributions have been in place for about two half-lives of Pu-241, it can be concluded 

that the important distribution mechanisms are physical (which would distribute both Pu and Am 

in the same way) rather than chemical. If a chemical process were operative, one might expect 

differing chemical behaviors to result in the Am and Pu to separate over time. The observation 
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that they remain associated indicates that surface particulate erosion mechanisms are dominant 0 
and that transport of soluble species plays a minor role, if any. 

TA - 3.5.3 Dissolution, Precipitation and Coprecipitation of Americium 

General Literature Background 

The most likely redox state of Am in soils is Am(lII) (Bondietti et al., 1977; Nelson and 

Orlandini, 1986), which forms relatively insoluble oxides and hydroxides. Am hydroxide, 

resulting from rapid hydrolysis of Am in solution, is insoluble in both fresh and marine waters, 

precipitating as particulate matter or sorbing to suspended particulates (Warner and Harrison, 

1993, Chapter 1). The association of Am with particulate matter and sediments controls its 

behavior and distribution in the aquatic environment. In sediments, the highest Am 

concentrations are generally associated with the smallest particle sizes. 

In freshwater and marine environments, it has been found that the soluble fraction of Am is not 

in the form of cations but in the form of negatively charged complexes (Warner and Harrison, 

1993). Note the negatively charged carbonate complexes of Am in Figure TA-3-4 and Figure 

TA-3-5. Soluble complexes with organic ligands serve to maintain Am in solution. Nelson and 

Orlandi (1986) have shown that Am(III) is complexed by dissolvedcolloidal organic carbon 

(COC) in much the same manner as Pu(II1,IV). In a lake in northern Scotland that received 

waste dlscharges from a reactor plant, all the dissolved actinides measured, including Am-241, 

were found mainly associated with the colloidal fraction (Orlandini et al., 1990). 

0 
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Figure TA-3-5. Fractional distribution of Am(ll1) complexes as a function of pH 
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(From Silva et al., 1995) 
(a) pCOz= 103.5  atm;ZAm(III)(aq)= 10"M 
@) Total carbonate = 0.01 M; ZAm(III)(aq) = l o 6  M 

Dissolution, Precipitation and Coprecipitation of Americium at RFETS 

No research related specifically to dissolution, precipitation and coprecipitation of Am at RFETS 

has been found so far. Since most of the Am-241 activity in soiI on the Site results from 

radioactive decay of Pu-241, most of the Am is associated with Pu in solid particles. Therefore, 

it is likely that the processes of dissolution, precipitation and coprecipitation of Am are not 

continuously occumng in RFETS soils, sediments and surface waters. 

As stated above, Am and Pu have generally similar spatial distributions and dispersal 

mechanisms at RFETS (Litaor and Allen, 1996). This might imply that differences in the 

environmental chemistry of Am(III) and Pu(IV) are not large and that dissolution, precipitation 

and coprecipitation of these two actinides are similar at RFETS. 
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TA - 3.5.4 SorptionlDesorption of Americium 

General Literature Background 

In a study of the mobility of Pu and Am through a shallow aquifer in Mortandad Canyon at Los 
Alamos, Penrose et al. (1990) reported that Am appeared to behave quite differently from Pu for 

reasons not clearly identified in their paper. Although measured Pu concentrations decreased 

almost exponentially with distance, Am concentrations remained relatively constant. This 

resulted in empirical & values for Pu that were relatively constant with distance from a 

historical waste outfall (the distance to the farthest well was about 3,500 meters), while &s for 

Am decreased systematically over the same distance. The authors noted that the Am behavior 

was unexpected for an element generally considered to be strongly adsorbed to particles. They 

speculated that the fraction of Am not associated with colloids appears to be a stable, anionic 

complex of unknown composition. However, data from Penrose et al. (1990) have been shown 

by Marty et al. (1997) to be consistent with surface water transport, which would invalidate 

many of Penrose et d.’s conclusions. 

However, the conclusion of Penrose et al. (1990) of stable, anionic complexes of Am is 

consistent with the more recent work by Warner and Harrison (1993), where it was found that 

the soluble fraction of Am in freshwater was in the form of negatively charged complexes. Since 

surface adsorption sites on soils and minerals are usually negatively charged under normal 

environmental condltions (Weiner, 2000, Chapter 4), sorption of negatively charged complex 

species will be strongly diminished. 

SorptionlDesorption of Americium at RFETS 

Little research related specifically to sorptioddesorption at RFETS has been found so far. At the 

Site, Harnish et al. (1996) concluded that most of the Am, as well as U from Well 1587 and 

surface water sites SW-51 and SW-53, were present in an anionic form not associated with fulvic 

acid. Honeyman (1998) leached Am from soil obtained near the 903 Pad (1998) while varying 

the redox potential between oxic and mildly reducing conditions over the “normal” range of 
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l2FETS environmental conditions. He found that less than 0.38 % of soil Am was released to 

solution. . 

Litaor et al. (1996 and 1998) collected infiltrating water from natural and simulated precipitation 

and snowmelt. They found that a large majority of the activity did not move with the infiltrating 

water. About 0.07 % of the Am in the surface soil was mobilized. An increase in the flux of 

infiltrating water by several orders of magnitude at the deeper sampling levels (40-70 cm) did 

not increase the flux of Am. This was interpreted as indicating that Am was immobilized by the 

soil matrix as water percolated through it. These results are consistent with depth distributions of 

actinides measured for the OU 2, RFI/RI (DOE 1995b), which showed that approximately 90 % 

of the Am in contaminated soil near the 903 Pad was in the top 12 cm of soil more than 20 years 

after release. 

Cleveland (1976) found that Pu- and Am-contaminated pond sediments extracted with pond 

water at pH values of 7 and 8 released only between 0.001 1 % to 0.0028 % of the Am present in 

the sediments. 

TA-3 .6 U RAN I U M G E OC H E M I STRY 

TA - 3.6.1 Origin and Occurrence of Uranium 

General Literature Background 

U (atomic number 92) has 18 isotopes, all radioactive, with atomic masses ranging from 222 to 

242. Naturally-occurring U typically contains 99.275 wt. % U-238 (tin = 4.5~10’ y), 0.719 wt. 

% U-235 (tin = 7 . 1 ~ 1 0 ~  y) and 0.0057 wt. % U-234 (t112 = 2.47~10’ y) (Langmuir 1997). The 

mass differences among the U isotopes are small and the isotopes do not normally fractionate 

through natural physical or chemical processes (Faure, 1977). U exists in U(III), UgV), U(V) 

and U(VI) oxidation states, of which the U(W) and U(V1) states are most commonly found in the 

environment. 

U occurs naturally in the earth’s crust with an average concentration of around 2.3 mg/kg 

(Langmuir, 1997). The mineralogy of U-containing minerals is described by Frondel (1958). U 
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is a lithophilic element which is most abundant in granites (averaging 5 mg/kg) and shales 

(averaging 3.5 mg/kg) (Krauskopf, 1979). Myrick et al. (1983) evaluated the concentrations of 

U-238 in surface soils across the United States to determine background levels. U activity in 

surface soils of Colorado was found to range from 0.47 to 3.0 pCi/g, with a mean of 1.2 pCi/g 

and a standard deviation of 0.9 1 pCi/g.. 

U(IV) and U(V1) exist in a variety of primary and secondary minerals. Important U(1V) minerals 

include uraninite (U02 through U02.25 ) and coffinite (USiO4) (Langmuir, 1978; Clark et al., 

1997). Aqueous U(IV) is inclined to form sparingly soluble precipitates, adsorb strongly to 

mineral surfaces and partition to organic matter, thereby reducing its mobility in groundwater. 

Important U(V1) minerals include carnotite [K2(U02)2(V04)2], schoepite (U03*2H20), 

rutherfordine (UO2CO3), tyuyamunite [Ca(U02)2(VO4)2], autunite [Ca(UO2)2(PO4)2], potassium 

autunite [&(U02)2(PO&] and uranophane [Ca(U02)2(Si030H)2] (Langmuir, 1978; Clark et al., 

1997). Some of these are secondary phases, which may form when sufficient U leaches from 

contaminated wastes or a disposal system and migrates downstream. Commercially-recoverable 

concentrations of U are also found in phosphate rock and lignite. In the presence of lignite and 

other sedimentary carbonaceous substances, U enrichment is believed to be the result of U 

reduction to form insoluble precipitates, such as uraninite. 

Uranium at RFETS 

Natural U is ubiquitous in the Front Range of Colorado and complicates studies of U 

contamination at RFETS. High U granites occur throughout the Front Range and U ore (utilized 

by the Schwartzwalder mine near Ralston Reservoir) is located in the headwaters of Ralston 

Creek within 10 miles of RFETS. High U concentrations have also been reported in domestic 

wells in the Coal Creek watershed (Moody and Morse, 1992). Total U concentrations in 33 

domestic wells in Coal Creek Canyon ranged from 1.3 to 1,200 pCi/L, with a mean and standard 

deviation of 174.9 and 33.1 pCi/L, respectively. 

The natural alkaline and oxidizing environment in near-subsurface water mobilizes U in 

groundwater and "...higher U concentrations in water samples ... are probably due to leaching of 
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uraniferous strata in the Pierre and Laramie formations ..." The South Platte River is 

"...anomalously rich in U compared to most other rivers of its size" (Bolivar et al., 1978). 

Isotopic abundances (by weight) in some of the U used at RFETS, given in Table TA-3-1, differ 

significantly from natural values (DOE, 1997) and this may be useful in determining which 

fraction of U on the Site represents RFETS contamination. Some of the U used at RFETS for 

manufacture of nuclear weapons components was enriched in U-234 and U-235 and some was 

depleted in U-234 and U-235 (EG&G, 1988). Using appropriate techniques, the isotopic 

signatures of both types of contamination can be differentiated from natural U. Most samples 

collected from RFETS have been analyzed by alpha-spectroscopy, which provides only an 

estimation of U isotope ratios. 

Table TA-3-1. Isotopic Ratios in Potential Sources of Uranium at RFETS 

I U-234/U-238 I 1.06 I 0.09 I I 
Source: DOE, 1997 
*Naturally found in soils at RFETS. 
** Contributed from industrial activities at RFETS. 

Efurd et al. (1993a) used thermal ionization mass spectrometry (TIMS) to measure U-234, -235, 

-236 and -238 in RFETS sediment and water samples, a technique that is more accurate than 

alpha-spectroscopy and provides more certain isotopic ratios. On the basis of these data, the 

authors concluded that the "...largest source of radioactivity in the terminal ponds was naturally- 

occurring U and its decay product, radium," and that the "...largest source of anthropogenic 

radioactivity in the terminal ponds was depleted U." Approximately half the U present in Ponds 

A 4  and C-2 and approximately 20 % of the U present in Pond B-5 apparently originated as 

depleted U. These results are significant because they show that U contributed by RFETS 

activities can be differentiated,from naturally-occurring background U. 
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U-236 is produced by neutron capture on U-235 in nuclear reactors or atomic explosions and 

does not occur naturally or in U that has not been in a reactor. Therefore, according to Efurd et 

al. (1993a), U-236 would not be expected to be present in the natural U background at RFETS. 

Efurd et al. however, detected U-236 in some samples and concluded that "...the presence of U- 

236 in the surface water samples collected at the RFP and the variable U-238AJ-235 atom ratios 

detected in water samples collected from the holding ponds prove that anthropogenic U is 

present." U-236 is also produced by alpha decay of Pu-240 (tll2 = 6,537 y), so it is clear that 

some part of U-236 at RFETS will result from Pu-240 decay. However, three-isotope U plots of 

236/238 and 233238 will have three end members, natural, enriched and depleted. 

Anthropogenic U should fall within this boundary. Any U-236 that is derived from Pu-240 

decay would tend to plot outside of this region with a fourth component. 

U-238/U-235 ratios for dissolved U in RFETS groundwater, from which non-detects have been 

excluded, show wide scatter. According to DOE (1977), this could be due to lack of a systematic 

treatment of sampling and analytical counting errors or real variability in isotopic ratios. The 

most likely explanation is unpropagated error, because background wells show high variability in 

isotopic ratios that cannot be otherwise explained. 

The equilibrium among abundances of daughter radioisotopes, if all isotopes remain at the 

location where they are formed by radioactive decay, is called secular equilibn'urn. Under 

conditions of secular equilibrium, the kinetics of radioisotope decay requires that the isotope 

radioactivities are all equal. Therefore, the U-234/U-238 activity ratio can be used to distinguish 

among natural, enriched and depleted U (Table TA-3-1). The counting ratio should be 1.0 at 

secular equilibrium, but the measured ratios ranged from ~ 1 . 0  to >2.5 for RFETS background 

areas (DOE, 1993). If secular equilibrium were expected at the sites measured, these results 

would indicate that unexpected factors affected U-234/U-238 activity ratios, limiting their 

usefulness in dstinguishing between natural and RFETS U. Note that, in addition to an invalid 

assumption of secular equilibrium, errors can be introduced into this procedure by counting time 

and masking effects. 
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DOE (1993) reported a range of 1.19 to 2.43 for U-234/U-238 activity ratios in filtered 

background groundwater and stream water and DOE (1995) reported U-234/U-238 activity ratios 

ranging from 0.34 to 18.5 for groundwater in the upper hydrostratigraphic unit at the Solar Ponds 

(formerly known as OU 4). However, DOE (1997) observes that neither report dealt 

systematically with analytical counting errors; the results, therefore, are of limited value. 

The most recent effort to measure U isotope ratios for identifying anthropogenic U at RFETS is 

by ICP/MS (inductively-coupled plasmdmass spectrometry), reported in the soon-to-be released 

1999 Annual RFCA, Groundwater Monitoring Report. This study appears to have sufficient 

accuracy for showing a clear distinction between natural and anthropogenic U. Groundwater 

sampling locations were chosen to be at areas with high U concentrations, the boundary wells 

along Indiana Avenue and upgradient from the Industrial Area. Data reported so far indicate that 

natural U is present in the majority of wells and that some wells contain anthropogenic U. 

TA - 3.6.2 Aqueous Speciation of Uranium 

General Literature Background 

Because of its importance in nuclear chemistry and technology, a great deal is known about the 

aqueous chemistry of U (reviewed by Baes and Mesmer [ 19761, Langmuir [ 19781, Grenthe et al. 

[ 19921 and Palmer and Nguyen-Trung [ 19951). U is more soluble in natural waters than Pu or 

Am. Although all of the positive oxidation states of U from ID to VI are observed, dissolved 

U(III) readily oxidizes to U(W) under most environmental conditions and the U(V) aqueous 

species (UOz+) readily disproportionates to U(IV) and U(VI). Consequently, U(W) and U(V1) 

are the most common oxidation states of U in natural waters and soils. 

U ions in aqueous solution can give very complex species. In addition to having four oxidation 

states, U undergoes complexing reactions with virtually all anions as well as hydrolytic reactions 

leading to polymeric ions (Clark et al., 1997; Cotton et al., 1999). Anions, such as carbonate, 

nitrate, chloride, fulvic acid, humic acid and EDTA, form complexes with both U(IV) and U(VI), 
increasing the amount of U that can remain in solution and, thereby, increasing the overall 

mobility of U. Generally, U is least mobile in reducing (anaerobic) environments free of 
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complexing anions and most mobile in oxidizing (aerobic) environments with high 
0 

concentrations of complexing anions. 

Figure TA-3-6. Calculated Pourbaix predominance diagram for aqueous species 
in the U-O~CO,H,O system 
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Conditions are pure water at 25OC, 1 bar total pressure, CU = 10'' M and p(C0~)  = 0.01 bar. The UO2(c) 
solid/solution boundary for ZU = lo8  M is shown as a tripled line overlay. The approximate range of EdpH values 
found in natural waters is shown within the grayed area. (Adapted from Langmuir, 1997.) 

U(V1) species dominate in oxidizing environments, where U(V1) retention by soils and rocks in 

alkaline conditions is poor because of the predominance of neutral or negatively charged species 

above pH 5 .  This is one of the main differences between U behavior and Pu behavior and this 

fact is emphasized by comparison of the predominance diagrams for U shown here and for Pu 
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shown on page x. An increase in C02 pressure in soil solutions can further reduce U(V1) 

adsorption by promoting the formation of poorly sorbing carbonate complexes. Dissolved U(V1) 

hydrolyzes to form a number of aqueous species. The calculated distribution of U(V1) 

hydrolysis and carbonate complexing species is shown in Figure TA-3-7 and Figure TA-3-8. 

Because dissolved uranyl(V1) ions (species containing U in the VI oxidation state) can be present 

as polynuclear (containing more than one cation) hydroxyl complexes, the hydrolysis of uranyl 

ions under oxic conditions is dependent on the concentration of total dissolved U. To 

demonstrate this aspect of U chemistry, two concentrations of total dissolved U (0.1 and 1,000 

pg/L,), are shown in Figure TA-3-7. Hem (1985, p. 148) gives 0.1 to 10 p a  as the range for 

dissolved U in most natural waters. For waters associated with U ore deposits, Hem states that 

the U concentrations may be greater than 1,000 pg/L. 

In a U(V1)-water system, the dominant species were UOz2+ at pH values less than 5, 

UO2(OH):(aq) at pH values between 5 and 9 and UO2(OW3- at pH values between 9 and 10. 

This was true for both U concentrations, 0.1 pg/l (Figure TA-3-7) and 1,000 pg/l dssolved 

U(V1) (Figure TA-3-8). At 1,000 pg/l dissolved U, some polynuclear species, (U02)3(0H)5+ and 

(U02)2(0H)22', were calculated to exist between pH 5 and 6.  Moms et al. (1994) provided 

additional proof using spectroscopic techniques that an increasing number of polynuclear species 

formed in systems containing higher concentrations of dissolved U. 

A large number of additional U(VI) species will exist in a chemically more complicated system 

containing inorganic complexing ligands and a U(V1) concentration of 1,000 pg/L, as shown in 

Figure TA-3-8. See EPA (1999) for details of the water composition. At pH values less than 5 

the U 0 2 r  species dominates the system, whereas at pH values greater than 5 carbonate 

complexes [U02C03°(aq), U02(CO3):-, UO2(C03)?- ] dominate the system. These calculations 

clearly show the importance of carbonate chemistry on U(V1) speciation. For this water 

composition, complexes with chloride, sulfate and phosphate were relatively less important. 
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Figure TA-3-7. Calculated distribution of U(V1) hydrolysis species as a function of 
PH 

Uses thermodynamic data from Grenthe et al., 1993. The distribution of uranyl species was calculated using the 
MINTEQA2 code (from EPA, 1999). 
(a) U(VI) concentration = 0.1 p a . ;  (b) U(V1) concentration = 1,000 p& 

Figure TA-3-8. Calculated distribution of U(V1) aqueous species as a function of 
PH 

100 
I 

3 4 5 6 7 e 9 10 

PH 

c 

Water containing inorganic complexing ligands and a U(V1) concentration of 1,0oO p a .  The distribution of U(V1) 
species was calculated using the MINTEQA2 code using thermodynamic data from Grenthe et al. (1993). Figure 
TA-3-8 reproduced from EPA (1999). 
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Consistent with the results in Figure TA-3-8, Langmuir (1978) concluded that the U(V1) 

complexes with chloride, phosphate and sulfate were not important in a typical groundwater. 

The species distribution illustrated in Figure TA-3-8 changes slightly at pH values greater than 

six if the concentration of total dissolved U is decreased from 1,000 to 1 pg/l. At the lower 

concentration of dissolved U, the species (U02)2CO3(OH)3- is no longer present as a significant 

aqueous species. 

Sandino and Bruno (1992) showed that UOF-phosphate complexes [U02HP04°(aq) and 

uo2Po4- ] could be important in aqueous systems with a pH between 6 and 9 when the total 

concentration ratio, POd(total)/C03(total), is greater than 0.1. Complexes with sulfate, fluoride 

and possibly chloride are potentially important U(VI) species where concentrations of these 

anions are high. However, their stability is considerably less than the carbonate and phosphate 

complexes (Grenthe et al., 1993). Organic complexes are also important to U aqueous 

chemistry. The uncomplexed U(V1) ion has a greater tendency to form complexes with fulvic 

and humic acids than many other metals with a +2 valence (Kim, 1986, Shanbhag and Choppin, 

1981). Kim (1986) concluded that, in general, VI actinides, including U(VI), would have 

approximately the same tendency to form humic- or fulvic-acid complexes as to hydrolyze or 

form carbonate complexes. This suggests that the dominant reaction of the uranyl ion depends 

on the relative concentrations of hydroxide, carbonate and organic materials. Importantly, U(V1) 

can form stable organic complexes, thereby increasing its solubility and mobility. Shanbhag and 

Choppin (1981) suggest that the simplest interpretation of their studies of humic complexation 

would be that U and Am bind to the carboxylate sites in humic acids. 

The total U(N) concentration in solution’is generally quite low (between 3 and 30 pg/L), 

because of the low solubility of U(IV) solid phases (Bruno et al., 1988; Bruno et al., 1991). 

U(N) species dominate in reducing environments. U w )  tends to hydrolyze and form strong 

hydrolytic complexes. U(IV) also tends to form sparingly soluble precipitates that are the main 

control of U(IV) concentrations in groundwaters. U(N) forms strong complexes with naturally- 

occurring organic materials, which may increase U(W) solubility in areas where there are high 

concentrations of dissolved organic materials. Other important environmental parameters 
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affecting U migration include redox state, pH, ligand concentrations (carbonate, fluoride, sulfate, 
a 

phosphate and dissolved carbon), aluminum- and iron oxide mineral concentrations and U 

concentration. 

As with all actinides, the U(IV) oxidation state hydrolyzes, precipitates easily, undergoes strong 

specific sorption reactions and is preferred over other cations in ion exchange reactions. These 

reactions render U(N) largely immobile in the environment despite highly stable complexes 

with inorganic and organic ligands. The more oxidized U(VI) is more soluble, undergoes weaker 

specific sorption and tends to be more mobile (Salomons and Foerstner, 1984). 

U(IV) also hydrolyzes readily. The u4' ion is more readily hydrolyzed than UO?, as expected 

from its higher ionic charge. Langmuir (1978) calculated U(IV) speciation in a system 

containing typical natural water concentrations of chloride (10 mg/L), fluoride (0.2 mg/L), 

phosphate (0.1 mg/L) and sulfate (100 m a ) .  Below pH 3, UF? was the dominant U species. 

Speciation of dissolved U(IV) at pH > 3 is dominated by hydrolytic species such as U(OH)3+ and 

U(OH): (aq). Complexes with chloride, fluoride, phosphate and sulfate were unimportant above 

pH 3. See Palmer and Nguyen-Trung (1995) for a recent discussion of U hydrolysis. 
a 

I Aqueous Speciation of Uranium at RFETS 

Most of the Site-specific speciation studies at RFETS have been concerned with Pu and Am. 

Only three studies that contain U speciation information (Litaor ,1995; Honeyman and Santschi. 

1997; Ball, 2000) have been found to date and the earlier two of these dealt with U speciation 

only incidentally. However, the general discussion of U speciation above will apply to RFETS. 

In the oxidizing and neutral pH conditions of RFETS surface soils (DOE, 1997), U is expected to 

be in both the U(N) and U(V1) states. As described above, U(V1) species are more soluble than 

U(IV) species and do not sorb strongly to soils under neutral pH because of the predominance of 

neutral or negatively charged species. As a result, U(V1) is expected to be transported by water 

as a soluble species. 

Ball (2000) reported on results of computer modeling U speciation in groundwater using a 

chemical speciation code (WATEQ4F) for natural waters. The model used the most recent 
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complete data sets selected from analyses of 950 well water samples collected from the Solar 

Ponds Plume area. The data were analyzed to determine saturation indices for major ions and to 

identify solubility controls for dissolved groundwater constituents. Predominant dissolved 

species were not plotted as a function of pH. The model indicated that: 

U is migrating as a dissolved component of the groundwater plume; 

Above pH 6 ,  all dissolved U species are undersaturated with respect to U minerals in the 

subsurface. This implies that, under the pH and redox conditions studied, there are no 

obvious.solubility controls on mobility of U in the groundwater of the Solar Ponds Plume; 

The dissolved U plume has not migrated as far from the Solar Ponds source area as has the 

dissolved nitrate plume. However, the extent that this is due to retardation of the U plume is 

not known at present. Dates of nitrate disposal are not known and may be distributed in time 

somewhat differently than U disposal. In addition, it is possible that other factors such as 
differing dispersivities of U and nitrate and selective microbial reduction of U play a role; 

and 

The interpretation that dissolved U species are undersaturated suggests that any transport 

retardation that may occur is due to sorption processes. 

Litaor (1995) found that the spatial distribution of U in RFETS soil did not follow the west-to- 

east plume observed for Pu and Am, with most of the observed U activity well within the natural 

range of U background levels in Colorado soils. U activity was highest (between about 800 and 

7,700 pCi/kg) near the 903 Pad and the former storage site of U-contaminated waste oils but 

dropped sharply to around,Colorado background range (between about 500 to 3,000 pCi/kg) 

within about 500 meters of that site. Litaor explained these findings as due to the greater 

solubility of U(V1) over Pu species, especially when complexed by carbonates. Insoluble Pu 

solids are transported easterly from the 903 Pad area by wind and water surface erosion, while U 

is mobilized predominantly by water, dissolving in rainfall and migrating downward through the 

soil column. 
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Litaor’s conclusion is supported by Honeyman and Santschi (1997) who found & values ranging 
a 

between about 30 to 170 mUg for U(V1) interactions with Solar Pond core isolates under 

oxidizing conditions. A steady decrease in & with depth reflected changes in the core 

composition and is possibly due to a down-core decrease in the ratio of sand to clay. 

TA - 3.6.3 Dissolution, Precipitation and Coprecipitation of Uranium 

General Literature Background 

Dissolution, precipitation and coprecipitation have a much greater effect on the concentrations of 

UgV) than on the concentration of U(V1) in groundwaters, because of the lower solubility of 

U(IV) compounds. Nevertheless, in low carbonate waters where aqueous U(V1) is in contact 

with the lower solubility phosphate and vanadate uranyl minerals (note the minerals listed in 

Section 2.6.1), uranyl solution-mineral equilibria can impose some additional precipitation 

control on U migration (Clark et al., 1997; Langmuir, 1997). 

However, at low dissolved uranyl concentrations under oxidizing conditions, as in oxygenated 

groundwaters far from a U source, solution-mineral equilibria will not limit the concentration of 

U(V1). Near a U source where concentrations are higher or in reduced environments, these 

processes become increasingly important and several coprecipi tates may form, depending on the 

environmental conditions (Falck, 1991, Frondel, 1958). Reducing conditions may exist in deep 

aquifers, marsh areas, landfills or engineered barriers that can cause U(W) to precipitate. 

e 

Dissolution, Precipitation and Coprecipitation of Uranium at RFETS 

As pointed out above, on-Site studies of U geochemistry at RFETS are sparse. The modeling 

study by Ball (2000) indicated that dissolved U species in the vicinity of the Solar Pond Plume 

are well undersaturated and that retardation of U mobility in the subsurface should not be 

significantly influenced by the solubility of U mineral phases. 

The reports by Ball (ZOOO), Litaor (1995) and Honeyman and Santschi (1997) all indicate that U 

is present primarily as soluble U(V1) species that move downward in the soil column, with 

percolating water to the water table and then laterally with the groundwater at a slightly retarded 

. 
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velocity. Precipitation and coprecipitation do not appear to be important processes near the Solar 

Ponds Plume. This suggests that other processes such as sorption may be important in U 

retardation. 

TA - 3.6.4 Sorption/Desorption of Uranium 

General Literature Background 

In low ionic strength solutions with low U(VI) concentrations, dissolved uranyl concentrations 

are likely to be controlled by cation exchange and adsorption processes. .The uranyl ion and its 

complexes adsorb onto clays (Ames et al., 1982; Chisholm-Brause et al., 1994), organics 

(Borovec et al., 1979; Read et al., 1993; Shanbhag and Choppin, 1981) and oxides (Hsi and 

Langmuir, 1985; Waite et al., 1994). As the ionic strength of an oxidized solution increases, 

other ions, mainly Ca2', Mg2+ and K+, displace the uranyl ion from soil exchange sites, forcing it 

into solution. For this reason, the uranyl ion is particularly mobile in high ionic-strength 

solutions. Not only do other cations dominate over the uranyl ion in competition for exchange 

sites but carbonate ions form strong soluble complexes with the uranyl ion, increasing the total 

amount of U in solution (Yeh and Tripathi, 1991). 

Some of the uranyl sorption processes are not completely reversible. Sorption onto iron and 

manganese oxides can be a major process for extraction of U from solution (Hsi and Langmuir, 

1985; Waite et al., 1994). These oxide phases act as a relatively irreversible sink for U in soils. 

U bound in these phases is not generally in isotopic equilibrium with dissolved U in the same 

system, suggesting that the reaction rate mediating the transfer of the metal between the two 

phases is slow. 

Moyes et al. (2000) used X-ray absorption spectroscopy to show that dissolved U uptake by 

different minerals can proceed by different mechanisms. On the iron hydroxides goethite and 

lepidocrocite, uptake occurred by surface complexation and ceased when the surface became 

saturated. On the silicate mineral muscovite, the surface did not saturate and uptake increased 

linearly with U concentration, which was interpreted as the formation of a precipitated U phase 

on the surface. U uptake by the iron sulfide mackinawite was more complicated, suggesting 
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initial complex formation at sites that have become oxidized, followed by coupled reduction of U 

and surface oxidation. This appeared to result in surface precipitation of a U oxide phase at high 

U concentrations. 

Naturally-occumng organic matter is another possible sink for U(V1) in soils and sediments. 

The mechanisms by which U is sequestered by organic matter have not been worked out in detail 

(EPA, 1999). A possible process involves adsorption of U to humic substances through rapid 

ion-exchange and complexation with carboxylic and other acidic functional groups (Boggs et al., 

1985; Borovec et al., 1979; Idiz et al., 1986; Shanbhag and Choppin, 1981; Szalay, 1964). These 

groups can coordinate with the uranyl ion, displacing waters of hydration, to form stable 

complexes. This could account for a significant fraction of the organically bound U in surface 

and subsurface soils. 

Alternatively, sedimentary organic matter may act to reduce dissolved U(V1) species to U(W) 

(Nash et al., 1981). U sorption to iron oxide minerals and smectite clay has been shown to be 

extensive in the absence of dissolved carbonate (Ames et al., 1982; Hsi and Langmuir, 1985; 

Kent et al., 1988). However, in the presence of carbonate and organic complexing agents, 

sorption has been shown to be substantially reduced (Hsi and Langmuir, 1985; Kent et al., 1988). 

Water pH has little effect on U(V1) sorption to solids between about pH 5 and 8 (See Figure TA- 

3-14). Below pH 5 and above pH 8 there is a marked decrease in U &s indication a 

corresponding decrease in sorptivity. This behavior is attributed to the pH-dependent surface 

charge properties of the substrates and complexation of dissolved U(VI) with carbonates above 

pH 7 (EPA, 1999). The & maximum occurs in the pH range where the dominant U aqueous 

species change from cations to anions, as pH increases (Figure TA-3-7 and Figure TA-3-8). 

SorptiodDesorption of Uranium at RFETS 

U sorption experiments on RFETS soils, completed by the Colorado School of Mines in 1997 

(Honeyman and Santschi, 1997), indicate that from 0.5 to 3.2 % of added U remained in solution 

in the aqueous phase. Samples with higher clay content had less U remaining in solution. These 

results give an upper-bound estimate of potential U release from RFETS sediments because they 
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are based on sorption rather than release of contamination; contact between sediment particles 

and water is much greater in the laboratory than at the bottom of a pond. Morphological 

differences between soils and sediments may also influence release. 

TA-3.7 COLLOID FORMATION, AGGREGATION 'AND AQUEOUS PARTICLE SIZE 

DISTRIBUTION 

TA - 3.7.1 Introduction 

One potential mechanism for actinide migration in the environment is facilitated transport by 

colloids. Colloids are naturally-occumng particles, defined as ranging in size from 0.1 to 0.001 

p.m. They are found in nearly all surface water and groundwater and are formed because of the 

weathering of rocks, soils and decomposing plant materials. Colloids are naturally-occurring, 

sub-micron-sized particles that, due to their small size, have the potential to be transported by 

groundwater. Colloids consist of organic and inorganic material. Because radionclides can sorb 

to colloids, they can facilitate transport of contaminants, including actinides. Though the 

importance of colloid-facilitated transport is dependent on local geologic and hydrogeologic 

conditions, a number of generalizations can be made that will be further elaborated in the 

following discussion. 
b 

Conditions at RFETS are conducive to the association of actinides with colloids and mobility of 

actinide-colloids in surface water has been shown to occur at RFETS. Some measurements have 

also shown that small amounts of actinide colloids are present in RFETS groundwater. 

Subsurface transport of colloidal actinides at other sites has been indicated by studies at the 

Nevada Test Site and Los Alamos National Laboratory (see "Colloids4aniers of Actinides 

into the Environment", in Cooper, 2000, Volume XI, page 490). 

Therefore, there is a potential for colloid-facilitated movement of actinides at RFETS. However, 

the likelihood and potential importance of subsurface mobility of actinide-colloids at RFETS is 

yet to be determined. 
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The relative importance of colloids for the transport of actinides in surface and groundwater at 

RFETS depends on the following factors: 

The low solubility of actinides, which greatly reduces the extent of dissolved transport; 

The strong tendency of actinides to sorb to colloids, as demonstrated by the high & values of 

actinides ; 

The potential for “hot particles” of colloidal size to form; and 

The abundance of natural colloids (clays, organic matter, etc.) in the RFETS soils and 

sediments that are potentially capable of sorbing and transporting actinides. 

Actinides in the environment can. become associated with colloids by: 

Directly polymerizing and precipitating as colloid-sized particles because of hydrolysis, 

redox and pH reactions; 

Sorbing from the dissolved state to the surface of inorganic and organic colloids that are 

already present; and 

Co-precipitating with other metal compounds (metal oxides, carbonates, etc.). 

The low aqueous solubility of actinides is discussed in the previous sections on actinide 

geochemistry (TA-3.4, TA-3.5 and TA 2.6). The partitioning behavior of actinides and the & 
model are discussed in Section TA-3.8. In this section, the evidence for colloid-facilitated 

transport of actinides at off-Site locations, the available data on colloid association of actinides at 

RFETS and the mechanisms that will most likely control colloidal actinide behavior at RFETS 

are discussed. 

For practical purposes, a colloidal actinide is actinide radioactivity associated with a particle of 

colloidal dimensions. Actinides can associate to some extent with any of the colloidal materials 

present in the soils and waters at RFETS. Some examples could be: an actinide ion complexed 

April 2002 3-53 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX- IO5-OI 

to a colloidal natural organic ligand, an actinide ion sorbed directly to a clay mineral particle or 

an ion sorbed to or co-precipitated with a metal (e.g. Fe, Mn and Al) oxide particle. In the 

radiochemistry literature, these would be termed “pseudo-colloids” in order to differentiate them 

from what is defined as “true” or “intrinsic” colloids. This latter term is used to describe an 

oxide or hydroxide of the actinide having colloidal dimensions [e.g., polymers or crystals of 

Pu(OH)4(am) or PuOz]. These different forms of colloidal actinides may have differences in 

their chemical behavior, but for many considerations, such as environmental transport, their 

exact chemical form may be less important than their physical properties, such as size (Weiner 

2000, Chapter 4). The presence of “hot” particles creates an additional complication to 

understanding actinide migration at RFETS (McDowell and Whicker, 1978). Behavior of 

actinides associated with other colloidal phases, such as clays or organic matter, should be 

governed by sorptiodcomplexation reactions. Thus, their behavior might be in part predictable 

if and when the needed equilibrium-binding constants are known. However, colloids composed 

of actinide oxides or hydroxides are not necessarily in thermodynamic equilibrium with either 

the solution or the aquifer matrix and are, therefore, governed only by hydrologic transport and 

colloid processes such as aggregation @PA, 1999, McCarthey and Zachara, 1989). 

TA - 3.7.2 Colloid Definitions 

The following discussion of colloids and colloidal behavior draws on a number of general 

references (Buffle and Leppard, 1995, Ranville and Schmiermund, 1999, Ryan and Elimelech, 

1996, Stumm and Morgan, 1996). 

A colloidal system is rigorously described as a two-phase system in which one phase is 

uniformly and permanently distributed or dispersed in a second phase. This is in contrast to both 

a true solute/solvent system, which comprises a single phase and a suspended-particle/solvent 

system, which is a two-phase system but is typically not uniform and never permanent. Long- 

term kinetic stability as a uniform suspension fundamentally defines a colloidal system. For 

environmental systems, a more practical set of definitions based on size (or mass) or, perhaps 

more importantly, on environmental behavior, is more useful. 
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Colloid Definition Based on Particle Size ’ 

Chemical species present in natural waters occur over an essentially continuous range of sizes, 

referred to as the solutekolloidsuspended-sediment size continuum. While the end member 

sizes are easily conceptualized as dissolved ions or molecules and macroscopic particles, the 

term colloid collectively identifies the intermediate continuum of sizes. The size cutoffs are a 

matter of varying definition. Generally, the size of colloids is defined as simply being sub- 

micrometer or, more specifically, ranging from 0.001 to 1.0 pm (1 to 1000 nm). A slightly 

larger lower size limit is used by some, while others extend the upper range from 2 to 5 pm for 

agreement with the classical clay-silt boundary; still others further extend this range to 10 pm 

( S t u m  and Morgan, 1996). Some workers use the 0.45 pm cutoff, traditionally used to 

differentiate between “Qssolved” and “particulate,” as the upper limit of the colloidal range. 

However, it is understood that colloids exist well below the 0.45 pm cutoff and are not in the 

dissolved phase. Therefore, when referencing work where a 0.45 pm definition is used, caution 

must be exercised to not misinterpret or over-interpret the data. As is generally the case when 

describing a continuum, intermediate limits and bounds are somewhat arbitrary. 

Colloid Definition Based on Environmental Behavior 

Size-based definitions as described above can be arbitrary; especially those based on filters such 

as the 0.45 pm cutoff. However, some of these size-based cutoffs do have a direct connection to 

environmental behavior. For example, one of the most significant properties of colloids is their 

relatively high degree of mobility in aquatic systems. As implied in their definition, colloids do 

not settle in surface waters. The slow settling rates of 1 to 2 pm soil mineral particles, on the 

order of less than a few tens-of-cdday, makes these sizes a reasonable cutoff between colloids 

and suspended sediments (Buffle and Leppard, 1995). Furthermore, as presented in a subsequent 

discussion, a 1 to 2 pm upper limit for colloids is consistent with the predicted upper limit for 

particle transport in aquifers and other porous media (Ryan and Elimelech, 1996). The lower 

colloid-size limit, separating colloids from dissolved molecules, is perhaps adequately defined by 

considering whether or not a surface exists. 
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Colloidal particles in natural waters may be composed of a variety of natural and synthetic 

materials, ranging from macromolecules (molecular weight >1000) to oxides and phyllosilicates. 

There are two main groups of colloids: hydrophilic and hydrophobic. For hydrophobic solids, 

permanent dispersion or suspension is maintained by the random thermal activity of water 

molecules (Brownian movement). Normally, uncharged hydrophobic particles tend to aggregate 

in water solutions. Because colloids tend to be negatively charged under environmental 

conditions, coulombic repulsion between particles maintains dispersion and allows attractive 

interactions with water molecule dipoles, making the colloids effectively more hydrophilic. In 

contrast, inherently hydrophilic macromolecules, which more closely approach true solute 

behavior, maintain their colloidal stability via interactions between charged functional groups 

and water molecule dipoles. 

The relative abundance of various kinds of colloids will vary with the environment of the water. 

In groundwater, for example, clay minerals, humic substances and iron and aluminum oxides 

derived from the soils may be the most abundant colloids. In biologically productive surface 

water, such as the RFETS ponds, living microorganisms and nonliving organic materials can also 

contribute significantly to the colloid population. 

Colloids origmate in at least three ways: 

They are acquired from the surrounding environment by the process of disaggregation or 

dissolution and entrainment (e.g., suspension of primary or authigenic clays, acquisition of 

atmospheric dust by rain, weathering of framework silicates, suspension of oxides and 

oxyhydroxides, dissolution of fulvic acids in soil profiles, erosion of mineral and rock 

fragments from soil profiles); 

As a result of in-situ aqueous phase precipitation due to changing chemical or physical 

conditions (e.g., precipitation of calcite due to pH changes, precipitation of iron oxides 

and/or sulfides due to redox changes, formation of complex phosphate mineral suspensions at 

chemical interfaces in lakes and polymerization of dissolved silica due to pH changes); and 
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e 

e 

Because of biological activity (e.g., growth'and death of microbes, production of fibrils, 

organic skeletons and protein-rich cell fragments [Leppard, 19921, biologically-mediated 

precipitation or dissolution). 

TA - 3.7.3 Environmental Behavior of Colloids 

The ability to evaluate and prelct the role of colloid-facilitated transport for actinides at RFETS 

may require computer models that incorporate colloids into transport calculations for both 

groundwater and surface water pathways. However, direct measurements of colloid-associated 

actinides, which are needed for verifying modeling results, are often inconclusive (e.g., Buffle et 

al., 1992; EPA, 1999). 

In order to build a conceptual model for actinide transport that includes colloids, it is necessary 

to evaluate the important processes that control both the mobility of colloids and the association 

of actinides with colloids. Colloid mobility is discussed in this section. The association of 

actinides with colloids is closely related to the tendency of the actinides to adhere or adsorb to 

the various natural colloids present in the soils and sediments at RFETS and is discussed in 

Section 2.8. 

Hydrodynamic and chemical forces govern interaction of colloids with one another and with 

macroscopic solid phases (O'Melia, 1987). Hydrodynamic forces tend to bring colloids into 

contact with each other and with other surfaces such as larger mineral grains in porous media. 

The frequency of these contacts is directly related to particle size and temperature. Stability of 

colloids refers to their ability to remain dispersed in surface or groundwater by avoiding 

aggregation during particle contacts; it does not imply chemical stability. Colloid stability 

depends on the nature of the colloid surfaces and solution composition. 

Collision of two particles can have two outcomes: either the particles adhere to each other or 

they do not. The stability, W, of a colloidal suspension is related inversely to the collision 

efficiency factor, a, which is defined as the fraction of collisions that result in sticking or 

aggregation (OMelia, 1987, Stumm and Morgan, 1996). 
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N, rate at which particles attach - 1 a= - = --  
N, rate at which particles collide W 

The value of W , and hence the colloid stability, increases as N, decreases. Interfacial 

electrostatic forces, as previously described, govern the value of a As two similar, like-charged, 

hydrophobic particles approach each other, they begin to experience electrostatic repulsion as the 

gap between them closes. As particle separation decreases, repulsive forces increase and more 

energy is required to continue the approach. If the separation becomes sufficiently small, van 

der Waal's attractive forces come into play and ultimately overwhelm the repulsive forces, 

allowing aggregation to occur. The maximum net repulsive force must be overcome to achieve 

aggregation. The thickness of the diffuse charge layer surrounding the particle controls the 

distance of approach and this thickness is decreased by the presence of ions in the aqueous media 

(i.e., ionic strength). As ionic strengch increases, aggregation is more likely. Divalent (Ca2', 

Mg2+) and trivalent cations (A13+, Fe3+) can reduce the net negative charge and form bridges 

between two negatively charged colloids. Such cations can be very effective at causing 

flocculation of colloids. Replacement of polyvalent cations by monovalent cations ma+, K') by 

cation exchange increases the degree of dispersion of colloids. 

Organic compounds play a critical and complex role in aggregation in natural waters, both 

stabilizing and destabilizing colloids. Humic substances are considered to be low molecular 

weight compounds containing acidic functional groups that result in a net negative charge on the 

molecules. Humic substances have been shown to sorb strongly to oxides, which results both in 

the formation of a negative surface charge (Tipping and Cooke, 1982) and in an increase in the 

stability of the colloidal oxides (Tipping and Higgins, 1982; Wilkinson et al., 1997). Since 

colloidal clay minerals, organic matter and humic-coated oxides all have a net negative charge at 

most environmental pHs, their colloids-can be reasonably stable in aquatic environments. 

Many microorganisms and algae produce high molecular weight carbohydrates that can form 

strong bonds to particle surfaces. Because of their high molecular weight, these materials can 

form bridges between particles and thus are very effective at promoting aggregation (Wilkinson 

et al. 1997). Thus, organic matter can either decrease (humics) or increase (carbohydrates) the 
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value of a. Humic substances are most likely introduced into surface waters from the soil, 

whereas most carbohydrates are probably produced within the water body by aquatic organisms. 

The composition of sewage effluents may play an important role in the behavior of colloids and 

particles in the RFETS ponds. 

Colloidal Processes Occurring in Surface Waters 

Particles larger than a few microns can be effectively removed from lakes by settling. During 

this process smaller particles and colloids can also be removed by gravitational aggregation, as 

illustrated in Figure TA-3-9. The aggregation of colloids in lakes, as previously described, is 

dependent on both particle stability and initial particle size (Ali et al., 1985). Smaller colloids 

have higher diffusion coefficients and are thus subject to a greater frequency of collisions. If 

their avalue is high, then perikinetic aggregation occurs (Figure TA-3-9). Currents or other 

differential fluid velocities can also cause colloid collisions and subsequent aggregation 

(orthokinetic aggregation). Aggregated colloids are then subject to sedmentation, which may 

act to transport adsorbed metals from the water column to the sediments (Sigg, 1985). The bulk 

chemical properties between settling colloidal aggregates and non-settling colloids and particles 

can be very different, especially in respect to their organic matter and trace metal content 

(Ranville et al., 1991). 

The net result of these processes is that particle size distributions in surface waters are dominated 

by colloids near 1 micron in size (Filella and Buffle, 1993). This colloid behavior is illustrated 

by computer simulations performed by Filella and Buffle (1993). An example of their results is 

reproduced in Figure TA-3-10. The simulation was performed by starting with equal numbers of 

colloids and particles ranging in size from 0.001 to 100 microns. After 10 days, the combined 

effects of settling and aggregation resulted in a size distribution of particles having an average 

size of about 1 to 2 microns. Thus, we might expect to observe in the ponds a loss of actinides 

associated with both rapidly settling particles and very small colloids. The simulation was 

performed with all particle sizes having the same a value. This may not be true in reality and, 

thus, observations at RFETS may differ from the picture presented by the simulations. 

April 2002 3-59 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

Figure TA-3-9. ,Physical processes that cause particle collisions in surface water 
that can also lead to aggregation 

e 
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I 
Figure TA-3-10, Simulation results obtained by Filella and Buffle (1993) that 
illustrate the development of volume-based particle size distributions in surface 
water starting from an initially uniform size distribution 
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Colloidal Processes in Groundwater 

The abundance of colloids in groundwater is a function of the source area andor in-situ 

processes. Weathering and disaggregation result in the generation or release of colloids from 

mineral grain surfaces. Behavior of colloids in porous media, such as a groundwater aquifer, 

involves all the mechanisms of surface water transport with the added complications of finite 

pore sizes, complex flow paths and higher solid-to-liquid ratios that allow abundant opportunity 

for interactions with the solid aquifer matrix. These processes are illustrated in Figure TA-3-11. 

They are described in detail by McDowell-Boyer et al. (1986) and summarized. The ratio of 

particle diameter to media &meter (dp/dm) is greater than 0.1 and particles are normally 

excluded from a porous media and form external filter cakes, assuming spherical suspended 

particles and matrix grains. Larger particles entering the porous media are subject to 

gravitational settling and filter straining. Filter straining appears to be most important when 0.1 

> dp/dm > 0.05 and be relatively ineffective below 0.05. Significant losses of porosity may occur 

due to filter straining and the mechanism itself may become important with either increasing dp 

due to particle agglomeration and/or decreasing dm due to changes in lithology. Gravitational 

settling is strongly dependent on particle density. 

0 

~ 
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e Figure TA-3-11. Processes occurring in porous media, which control colloid and 
~ particle transport in groundwater 

s-b Major groundwater flow paths 

A Desimentation B DiffusiotVlnterception C Interception 
D Straining E Generation 

The combination of these mechanisms probably controls the upper size limit for suspended 

and/or mobile particles in porous media. Even the largest colloids (1 pm diameter) could easily 

enter a fine sand aquifer with uniform spherical grain sizes of 0.1 mm. Assuming clay-sized 

(0.001 mm) aquifer grains, colloids up to 50 nm could potentially move through the available 

pore spaces. These conservative estimates do not take into account irregular grain shapes and 

packing, which would reduce the maximum size of transportable particles. The presence of soil 

macropores may significantly increase the amount of colloids that can be transported (Ryan et 

al., 1998). 

For particles small enough to penetrate a porous media, the probability that they remain 

suspended or entrained in the prevailing flow depends in large measure on particle-media 

interactions. McDowell-Boyer et al. (op. cit.) regards the process as physical-chemical filtration 

comprised of the initial collision and subsequent attachment mechanisms. Settling of larger 

suspended particles may result in collisions with the matrix surfaces. For particles moving with 

the groundwater, the trajectory of the flow lines may result in direct interception of particles by 
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the surface. For smaller particles and perhaps all colloids, Brownian motion is the predominant 

collision mechanism. Brownian motion allows colloids to diffuse from the principal flow region 

between grains and closely approach the aquifer grains where attachment may occur. 

Attachment is determined by the complex nature of the electrified interface and is a balance 

between attractive and repulsive forces as previously described. Attractive forces are dependent 

upon the nature of the particles, whereas repulsive forces, due to charge on the surface, are also 

dependent upon water chemistry. Water chemistry parameters of importance include pH (Kita et 

al., 1987), ionic strength (Cerda, 1987, McDowell-Boyer, 1992) and solution composition. 

The consequence of these processes, which remove both large and small particles, is an optimum 

particle size for transport in porous media (Yao et al., 1971). This is illustrated in Figure TA- 

3-12 taken from Harvey and Garabedian (1991), where calculations were performed for 

microorganisms of nearly neutral density. The graph illustrates the relationship between particle 

size and the single collector efficiency q. The parameter q is the rate at which the 

particlekolloid collides with the surface divided by the rate at which the particle/colloid travels 

towards the surface. If a i s  the same for all particle sizes, then q also represents the probability 

that the particlekolloid will be captured by the porous media. Thus, the greatest mobility occurs 

for colloids of about one micron in diameter. 

These processes have been most clearly demonstrated by the work of Harvey et al. (1989) with 

various tracer tests which were conducted between monitoring wells in a glacial aquifer on Cape 

Cod, Massachusetts under conditions of natural and induced flow gradients. Chloride and 

bromide were used as conservative tracers and fluorescent-labeled bacteria and submicron latex 

spheres were used to study the mobility of particles. The tests demonstrated that micron and 

submicron particles could easily migrate in porous media, as shown by the similarity of the 

arrival times in the second well. The average velocities of the particles also can exceed 

conservative solutes. This is because size exclusion of the particles from the smaller pores 

reduces the flow path tortuousity that the particles experience as compared to the conservative 

solutes. Their results also indicated that submicron particles travel more slowly than micron- 

sized particles, as predicted by filtration theory. The chemical functionality of the sphere 
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0 
surfaces (carboxyl, carbonyl, uncharged) also affected retention and retardation. The transport of 

these spheres was successfully modeled by colloid filtration theory (Harvey and Garabedian, 

1991). 

Figure TA-3-12. Computed affect of diameter on the degree of transport of 
colloids and particles in groundwater 
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An illustration of the relationship between particle size and the single collector efficiency q. q equals the collision 
frequency of a particldcolloid with a surface, divided by the particldcolloid velocity towards the surface. If a; the 
fraction of sticky collisions, is the same for all particle sizes, then q also represents the probability that the 
particldcolloid will be captured by the porous media. The greatest mobility occurs for colloids of about one micron 
in diameter. Reproduced from Harvey and Garabedian (199 1). 

Additional research reveals the potential impact of colloids on adsorbed contaminant transport in 

a porous media (Puls and Powell, 1992). These authors compared the mobility of arsenic 

associated with iron oxide colloidal particles to truly dissolved arsenic in laboratory columns of 

natural aquifer material. Tritium was used as conservative tracer. They reported the following: 

. 

Iron oxide colloids moved very easily through the columns, as shown by the similarity of the 

tritium and colloid elution times; 0 
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Colloid-associated arsenic was transported through the columns 21 times faster than 
a 

dsssolved arsenic; and 

Colloid velocity was a function of size and the ionic composition of the solutions. 

TA - 3.7.4 Non-RFETS Data Concerning Colloid-Facilitated Transport of 

Actinides 

A number of studies at sites other than RFETS have shown an association between natural 

colloids and actinides in groundwater (Kaplan et al., 1994; Kim et al., 1992; Nagasaki et al., 

1997) and surface water (Orlandini et al., 1990). Other studies have demonstrated the 

importance of intrinsic actinide colloid formation (Kim, 1991; Knopp et al., 1999; Leiser et al., 

1992; Nagaski et al., 1994). Some studies have also suggested that colloids have been able to 

increase the degree of transport of actinides under some situations (Baek and Pitt, 1996; Satmark, 

1994; Smith and Degueldre, 1996; Tanaka and Nagasaki, 1997; Totok et al., 1990). Dissolved 

and colloidal organic matter, in particular, can increase actinide transport (McCarthy, 1998; 

Marley et al., 1993). Fewer studies have attempted to incorporate colloids into transport models 

(Luhrmann, 1998; Schuessler et al., 2000). 

At the Nevada Test Site ( N T S ) ,  Kersting et al., (1999) found that PU and other radionuclides 

detected in two different aquifers originated from an underground nuclear test conducted 1.3 km 

upgradient. The PU was associated with the colloidal fraction of the groundwater. The 

underground tests were conducted beneath the groundwater table in fractured volcanic rock. 

This geologic condition is different from RFETS and it is not yet known if transport conditions at 

the NTS function at the RFETS. 

Penrose et al., (1990) work at Los Alamos National Laboratory, indicating groundwater transport 

of actinides under conditions more similar to RFETS, were reinterpreted to suggest groundwater 

well contamination may have resulted from surface water transport of colloidal actinides (Marty 

et al., 1997). Although conditions at Los Alamos National Laboratory are more similar to 

RFETS than NTS, it remains unclear whether these conditions apply to RFETS. Due to the 

implications of these studies and previously discussed field and laboratory examples of colloid- 

April 2002 3-65 



Actinide Migration Evaluation Pathway Analysis Repon Technical Appendix 

Classification Exemption CEX- IO5-01 

facilitated contaminant transport, it is important to determine the conditions that facilitate this 

type of transport exist at RFETS. 

TA - 3.7.5 Current RFETS Data on Colloid-Associated Actinides 

A variety of different methods has been used to examine the amount of actinide activity 

associated with colloidal particles at RFETS. Most of these studies are listed in Table TA-3-2. 

McDowell and Whicker (1978) and Povetko and Higley (2000) directly identified colloidal 

particles containing actinides using autoradiographic methods, in which radioactive soil particles 

are brought into contact with a plastic detector film. The alpha particle emitters in the soil 

produce tracks in the detector that can be observed after etching the film with a basic solution. 

McDowell and Whicker (1978) observed a relatively minor contribution by Pu oxide colloids to 

the total activity from Pu (12 to 31 %) in a surface soil collected 200 meters southeast of the 903 

Pad area. They found that the average size of the Pu oxide particles was about 0.25 micron, 

although a number of large (> 1.5 micron) particles were observed. A single 6.86 micron 

particle accounted for 7 % of the average activity in one gram of surface soil. Because only 

about one gram of soil was investigated, there is considerable uncertainty about the importance 

of large Pu oxide particles. The presence of small numbers of large “hot” particles could explain 

the sample variability in Pu content seen in some other studies (Little, 1976; Higley, 1992). 

Another autoradiographic study by Povetko and Higley (2000) demonstrated a much greater 

contribution by Pu oxide colloids to the Pu activity of a surface soil collected from the Buffer 

Zone. Their size Qstribution was very similar to that of McDowell and Whicker (1978), with an 

average Pu oxide colloid size of 0.15 micron. Povetko and Higley (2000) also found one 

especially large particle having an equivalent Pu oxide diameter of about 6 microns, which 

contributed 94 % of the total soil Pu activity. This particle was believed to consist of an 

aggregate of colloidal Pu oxide residing within a larger 500-micron soil aggregate. Of the 

remaining 6 % of sample activity, 89 % was attributed to PuO2. 
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Most colloid studies at RFETS have used fractionation’methods such as tangential-flow filtration a 
(TFF), sedimentation or centrifugation to separate various size fractions for analysis of actinide 

size distributions. Gravitational settling using established soil analysis techniques is capable of 

providing a size separation as small as 2 micron. This size cut provides differentiation between a 

particulate fraction and a colloidal/dissolved fraction, which is useful for indicating changes in 

environmental mobility that occur at about this size. By substituting centrifugation for gravity 

settling, size fractionations can be made at smaller sizes. This allows differentiation of colloids 

within the submicron range and can provide an operational definition of “dissolved” versus 

colloidal. Both centrifugation and gravity settling depend on the buoyant density of the colloids 

and, thus, are actually mass-based, versus size-based, separations. Not by substituting 

centrifugation for gravity settling, but using both methods you can differentiate between particle 

size (> 2 microns), colloids and dissolved. Unfortunately, this method is difficult to apply to 

large volumes. For this reason, most colloid studies at RFETS have used TFF. 

. 

The TFF method has the advantage of being able to process large volumes of fluids. It uses an 

ultrafilter with a large surface area. The sample travels parallel to the surface of the filter at a 

high flow rate and is recirculated, while a portion of the sample diffuses through the filter at a 

much slower flow rate. This flow pattern uses hydrodynamic shear to prevent filter plugging 

during sample processing. The combination of high filter surface area and continuous washing 

of the filter allows the processing of large volumes of sample (in some cases hundreds of liters) 

that are often required in order to fractionate and concentrate enough sample for radiochemical 

analysis. Care must be taken to avoid clogging of the filters. Filter pore size can range from a 

few thousand Daltons (a few nanometers) to about 0.6 micron. Thus, TFF can be used to 

differentiate “dissolved” from colloidal species. Several studies have shown that other factors, 

such as charge repulsion between the sample and the filter surface, surface aggregation and filter 

plugging, may make the actual size cutoffs much different than the manufacturer-stated pore size 

cutoffs (Buffle et al., 1992). 

@ 

A number of studies have used size-fractionation methods to determine the distribution of 

actinides in soil particles of different size ranges. In studies by Ranville et al. (1998) and RMRS a 
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(1998a), 18 samples were suspended in de-ionized water and size-fractionated using settling to 

obtain Pu and Am concentrations in the e 2 micron size fraction. Since the solubility of Pu and 

Am is very low, this fraction can be considered to primarily represent the colloidal fraction of 

actinides in these samples. The Pu and Am abundances were in the colloidal fraction ranged 

from 0.6 to 6.6 % and 1.0 to 5.1 %, respectively. The relatively small amount of actinides 

present in the <2 micron size is due to the formation of soil aggregates. 

A more recent study by Ranville et al. (2000), investigated the influence of soil aggregation on 

the size distribution of Pu in two soil samples. The c2 micron fraction was further separated 

using TFF into coarse colloidal (2 to 0.45 micron), fine colloidal (0.45 micron to 10K Dalton) 

and "dissolved" (<10K Dalton) fractions. Different dispersion methods were used to determine 

the relative strength of the aggregates and what materials were most responsible for binding the 

aggregates. When the soils were dispersed in water, only about 5 to 9 % of the total Pu was in 

the <2 micron fraction. Mechanical disruption of the aggregates increased the amount of Pu in 

the c2 micron fraction to 14 to 19 % of the total. Chemical dispersion using hexametaphosphate, 

destruction of organic matter by hydrogen peroxide and dissolution of iron oxides by citrate- 

dithionite-bicarbonate increased the amount of Pu in the colloid fraction to 45 to 48 %, 35 % and 

50 %, respectively. In most cases, the bulk of the Pu was in the coarse colloid fraction (2 to 0.45 

micron). For the hydrogen peroxide and citrate-dithionite-bicarbonate treatments, some Pu was 

found in the fine colloid (0.45-micron to 1OK-Dalton size) and "dissolved" (elOK-Dalton size) 

fractions. Overall, recoveries of Pu for this study ranged from 90 to 127 %. The overall results 

suggest that a considerable amount of colloid Pu exists in the soils but that the bulk of this 

material is held in larger aggregates. The role of organic matter in binding aggregates was 

especially significant. Thus, aggregation is an important process in limiting colloidal transport 

of actinides in the surface soils. 

A similar study of the effect of soil aggregation on soil particle size distributions of Pu was 

performed by Tamura (1977). ' In this study, soil was dispersed in de-ionized water and in a 

chemical solution that destroyed the organic matter and dispersed the soil particles. These 

samples were also ultrasonically treated to mechanically break up any aggregates not dispersed 
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by the chemical treatment. Samples were sieved to remove the sand fraction, then centrifuged to 0 
obtain a separation at 5 microns. When only de-ionized water was used, the amount of Pu in the 

<5 micron fraction ranged from 14.7 to 5 1.3 % of the total. After the aggressive disaggregation 

treatment, this amount increased to 67.7 to 89.2 %. Percent recovery of Pu was not determined. 

Harnish et al. (1996) determined the amount of colloidal actinides present in two surface water 

seeps (SW-51, SW-53) located 100 to 300 meters from the 903 Pad. Unfiltered Pu 239/240 

activities were 1.45 and 4.14 pCiL for SW51 and SW53, respectively. In this case, either 5.0 or 

0.45 micron filtration could be used to differentiate particulate from colloidal. The 5.0 micron 

filter was chosen for hstinguishing between the two, because of the greater relevance to 

environmental behavior of the larger size cutoff. The distribution of Pu and Am among 

particulate, colloidal and dissolved fractions was determined both by direct analysis of the filter 

retentates and by calculation using each of the serial filtrate values. Results differed between the 

two methods. The activities of Pu-2391240 in particulate, colloidal and dissolved fractions for 

SW-5 1 were 1.16,0.23 and 0.06 pCiL when computed by filtrate analysis. From retentate 

analysis, the Pu activities were 0.015 and 0.72 pCiL for particulate and colloidal fractions, 

respectively. For SW-53, the Pu activities were 3.28,0.83,0.03 pCiL from filtrate analysis and 

0.675 and 0.226 pCi/L by retentate analysis. The percent Pu distributions are given in Table TA- 

@ 

3-2. 

The size distribution of Pu in the C-2 pond was examined by Polzer and Essington (1992) using 

TFF. Total measured Pu was 0.0196 pCiL. However, the particulate/colloid differentiation was 

made using a 0.45-micron filter, so comparison with other studies using different definitions of 

colloid size is difficult. The Pu hstribution was determined by analysis of the retentates. About 

30 % of the Pu was not recovered. The Pu activities in the particulate, colloidal and dissolved 

fractions were 0.0081,0.0013 and 0.0043 pCi/L, respectively. 

Recent surface water investigations (Santschi, 1998; Santschi et al., 1999 and 2000) have used 

TFF to examine colloidal size fractions of Pu and Am. The reported size dstributions for Pu are 

given in Table TA-3-1. 
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Two studies (Harnish et al., 1993 and 1996) have directly measured the size distribution of 

actinides in a single groundwater well at RFETS using TFF to fractionate the samples. Filter 

sizes used were 5.0 micron, 0.45 micron, 1OOKDalton and 1OKDalton. The percent Pu 

distribution was computed both from retentate and filtrate data. The results have a large degree 

of uncertainty due to the very low actinide activities present in the groundwater. Total Pu 

activities for well 1587 were 0.0235 and 0.26 pCi/L in 1991 and 1992, respectively. The percent 

Pu hstributions are given in Table TA-3-2. 

TA - 3.7.6 Summary of Colloid-Facilitated Actinide Transport 

Research indicates that colloid-facilitated transport is possible for actinides in the IlI and IV 
oxidation states. The importance of colloid-facilitated actinide transport will depend strongly on 

Site-specific conditions. Although field and laboratory experiments have identified many of the 

important parameters governing the mobility of actinides associated with colloids (Cooper, 2000, 

vol. 2), the application of this knowledge to specific sites so far remains largely qualitative. 

Colloid transport through the subsurface is likely to occur mostly in fractures since the 

movement of colloids through the soil column is expected to be impeded by sorption and 

filtration processes. At RFETS, movement of Pu and Am occurs primarily by wind and water 

surface erosion processes that are expected to include colloid movement (Santschi et al., 2000). 

April 2002 
/I 

3-70 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

Table TA-3-2. Literature Relevant to Actinide Association with Colloids at RFETS 

(1978) Size characteristics of 
h p&cles in Rocky Rats 
soils, Health Physics, 35, p. 
293-299. 

(1977) Effect of pretreatment 
on the size distribution of Pu 
in surface soil from Rocky 
Flats, h, Transuranics in 
Desert Ecosystems, Nevada 
Applied Ecology Group. 
NVO-1871 UC-11, p 173-186 

(1992)Vertical movement of 
actinide contami~ted soil 
particles, CSU dissertation 

(RMRS 1998a) Actinide 
content and aggregate size 
analyses for surface soil in the 
Walnut Creek and Woman 
Creek watenhed at the Rocky 
Flats Environmental 
Technology Site, RFIRMRS- 
98-281 .UN 

(2000) Soil aggregation and 
its influence on Pu particle- 
size distributions of soils 
collected from Rocky Flats, 
CO, WMI Report to EPA 
Region VIII 

(2000) Study of particles of 
actinides in soil samples 
using nuclear track detectors. 
Poster presented at Health 
Physics Society Meeting, 
Denver, co. 

Vadose Zone, ., 
The hydrogeochemistry of 
actinides in the soil of Rocky 

McDowell. L.M. and 
Whicker, F.W. 

Tamura, T. 

Higley, K.A. 

RMRS 

Ranville, J. E; Harnish, R.A.; 
Winkler. S.; and Honeyman, 
B.D. 

Povetko, O.G. and Higley, K. 
A. 

Used autoradiography to 
determine size of Pu oxide 
particles in soil. Soil was 
taken from very near the 903 
Pad and had very high total 
activity (1486 pCi Pu- 
239/240 per g). 

Used sieving and 
centrifugation to examine Pu 
size distributions in three size 
fractions of 8 soils. 
Compared mild dispersion 
(water) to aggresive 
dispersion (sodium acetate, 
peroxide, sodium carbonate). 
Total Pu ranged from 0.08- 
2.5 pCiig. 
Used centrifugation and 
filtration to differentiate 2- 
0.45,4.45 pm actinides in 
three soils at 4 depths. Soil 
Pu activities were 
approximately 81 pCig. 
Used jpvi ta t io~l  settling to 
d e d n e  the amount of 
actinides present in the Q 
micrometer fractions of 18 
surface soils after water 
dispersion. Total Pu activities 
ranged from 0.07-34 pCi/g 
(plus one sample having a 
total activity of 397 pCi/g). 
Used settling and Tangential 
flow filmtion (TFF) to 
determine Pu size 
distributions in colloidal 
fractions of soil subject to 
different dispenion methods. 
Examined three soil samples 
from a hillslope about 0.7 km 
from the 903 Pad. Also 
examined one runoff sample. 
Bulk soil Pu-239/240 ativities 
ranged from 3 to 35 pCiig and 
runoff activity was about 1.5 
@in. 

Used autoradiography to 
determine size distribution of 
Pu oxide particles in a single 
15 cm soil profile. Sample 
was collected near the 903 
Pad area and contained high 
activity (730 pCi Pu-239/240 
Der d 

Colloidal PU@ accounted for 
12-3 1 9% of the total activity. 
Average Pu@ diameter was 
0.2 micron, although particles 
up to 6.86 micron were 
observed. Later work by 
Hayden showed the large 
particle to be an agglomerate 
of submicron particles. 
For water dispersed soils, the 
amount of Pu in the d 
micron fraction averaged 28 
6. Afteraggressive 
dispersion the amount of Pu 
in the d micron fraction 
averaged 78 6 of the total. 

Approximately 14 & 9 8 and 
8 & 3 %of total Pu was found 
in 2-0.45 and 4 .45  micron 
fractions, respectively. 

About 1-7 6 of the total Pu 
occurred in the Q micron 
(colloid plus dissolved) 
fraction. 

Dispersion with water showed 
less than 5 6 of the total soil 
PU to be in colloidal and 
dissolved fractions. In the 
runoff sample nearly 80 6 of 
the total Pu was in the 
colloidal and dissolved forms. 
Most Pu Q pm was found in 
the 2-0.45 pm fraction for 
surface soils and in the c10 
kDa fraction for the runoff 
sample. Chemical dispersion 
increased the amount of Pu in 
the Q pm soil fraction to 
nearly 50 6. 
Average size was 0.1 3-0.23 
micron. however 94 % of the 
total activity occurred in a 
single 500 pm soil aggregate. 
This aggregate contained a 
single % pm PUOZ particle 
that was itself composed of 
smaller PUa colloids. 

9 d ”  1 
- 4  1- 

Litaor, M.I.; Barth, G.; and 
Litus, G. the amount of actinides in each size fraction 

TFF was used to determine The 8 of the total PU activity 

~ . 30( April2002 3- 71 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I 05-01 

Reference Authors Comments Observations 
associated with colloids in 
soil interstitial water. Site 
was very near the 903 Pad 
and total Pu in the soil 
intersitial waten ranged from 

Hamish, R.A.; McKnight, 
D.M.: and Ranville. J.F. 

TFF was used to determine 
the amount of actinides 

averaged: 
0.45 p: 48 f 22 % 
0.45-0.001 p: 40 f 19 % 
~0.001 pm: 12 k 8 % 

Analysis of TFF retentates 
found most Pu is in 4 0  kDa 

1 I 650- 12.000 Ci. 
- 

,Surface Water 
(1992) The physical and 

radionuclides in the surface 
waters at Rocky Flats Plant 

Polzer. W.L and Essington, 

LA-UR-92- 18 12 

D.M.; Ranville. J.F., 
Stephens, V.C. and Orem, 
W.H. 

(1996) Particulate, colloidal 
and dissolved phase 
associations of Pu and Am in 
a water sample from Well 
1587 and Surface Water Sites 
SW-51 and Sw-53 at the 
Rocky Flats Plant, Colorado, 
WRI 964067 

Hamish, R.A.; McKnight, 
D.M.; Ranville, J.F.; 
Stephens, V.C.; and Orem, 
W.H. 

( 1998) final report on phase 
speciation of Pu and Am for 
“actinide migration studies at 
the Rocky Flats 
Environmental Technology 
Site.” 15 October 1998 

(1999) Final report on phase 
speciation of Pu and Am for 
“actinide migration studies at 
the Rocky Flats 
Environmental Technology 
Site.” 28 September 1999. 

Santschi, P.H. 

santschi, P.H.; Roberts, K. 
and Guo, L 

Groundwater 
(1993) Paniculate, colloidal 
and dissolved phase 
associations of Pu and Am in 
a water sample from Well 
1587 at the Rocky Flats Plant, 
Colorado, WRI 934175 

(1996) F’articulate. colloidal 
and dissolved phase 
associaticas of Pu and Am in 
a water sample from Well 
1587 and Surface Water Sites 
SW-5 1 and Sw-53 at the 
Rocky Flats Plant, Colorado, 
WRI 964067 

April 2002 

TFF was used to determine 
the amount of actinides 
associated with colloids in 2 
surface water samples from 
pond C-2. Total Pu activities 
were about 0.02 pCi i .  
TFF was used to determine 
the amount of actinides 
associated with particles and 
colloids in groundwater and 
two surface water samples. A 
5-micnm filter was used 0 
distinguish particulate from 
colloidal. Total Pu activities 
in the surface waters ranged 
from 1.454.14 pCi /L 

TFF was used to determine 
the amount of actinides 
associated with suspended 
sediments and colloids in 
surface water samples. Total 
Pu activity was 0.0035 p C i .  

TFF was used to determine 
the amount of actinides 
associated with suspended 
sediments and colloids in two 
surface water samples. Total 
Pu activity was 0.0263 and 
0.1373 before and during a 
storm event, respectively. 

Pu percent distribution was 
pamculate 41 
Colloid 7 
Dissolved 22 
Notrecovered 30 

From analysis of filtrate data 
the p e n t  Pu distribution 
Was: 

’ SW-51 SW-53 
Particulate 80 80 
Colloid 16 20 
Dissolved 4 < 1 

From re-tentate data 
particulate 28 73 
Colloid 39 24 
Dissolved 33 3 

Most PU (82 %) was in the >5 
micron fraction. 7Ee 
distribution in the colloid and 
dissolved fractions was: 
5-0.45 m: 8 % 
0.45-0.1 pm: 3.5 % 
0.1 m-100 kDa: 1.5 % 
c100kDa:5% 
Very similar size distributions 
for approximate percent of 
the total Pu were seen for 
both samples. 

>20 pm 25% 
2045pm 15% 
OJp-IOOkDa 15 % 
1 0 0 - 3 0  25% 
OkDa 20 % 

the amount of actinides 
associated with colloids in 
groundwater and surfaEe 
water samples. Total Pu 
activity was 0.26 p C i i  in 
well 1587. 

Analysis of TFF filtrates 
suggested nearly all Pu 
activity was in particles >5 
micrOnS 
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TA-3.8 APPLICABILITY OF EMPIRICAL PARTITION COEFFICIENT, Kd, VALUES 

FOR MODELING ACTINIDE TRANSPORT IN SOILS AND 

GROUNDWATER AT RFETS 

TA - 3.8.1 Introduction 

Assessment of chemical risk due to subsurface contaminants and the cost of remediation depends 

critically on the models that predict contaminant breakthrough times and concentrations to 

specific targets: drinking water wells, surface water bodies andor geographical boundaries to a 

contaminated site. For systems where contaminant partitioning is dominated by chemical 

equilibria, a rigorous approach to surface and solution speciation (based on sound chemical 

thermodynamic principles) will provide a reliable description of contaminant chemistry 

(Grenthe and Puigdomenech, 1997). 

For systems where equilibrium conditions exist, a variety of adsorption models, from simple 

distribution coefficients (&) to more sophisticated electrostatic adsorption models have been 

used for contaminant transport modeling. The most commonly used adsorption model in 

contaminant transport calculations is the distribution coefficient or & model. In large part, this 

reflects the simplicity of including a & value in a transport calculation. As with any model, the 

simple & model has a set of well-defined boundary conditions under which it can be used 

properly. The conditions and assumptions that go into a & model will be described in the 

sections that follow, along with recommendations regarding the use of &s for U, Pu and Am at 

the RFETS. 

a 

TA - 3.8.2 Definitions and Concepts 

The tendency of a contaminant to move from one phase to another is often quantified by the use 

of a partition coefficient, also called a distribution coefficient. Partition coefficients are 

contaminant and medium specific. They can be measured directly in situ, by laboratory 

experiments or, in some cases, estimated from other properties of the contaminant. Although it 

may be possible to assign some theoretical significance to partition coefficients, based on their a 
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e 
response to system changes, they nevertheless are empirical quantities which often lump together 

many different factors, both known and unknown. 

The simplest form of a partition coefficient is the ratio of contaminant concentration in phase 1 

to its concentration in phase 2: 

concentration in phase 1 
concentration in phase 2 

K1,2 = (3.8-1) 

For this report, the contaminants of interest are U, Pu and Am and the phases of interest are 

water and the solid constituents of soil. The partition coefficient that describes the tendency for 

a contaminant to become sorbed to soil from its dissolved state in water is called &, the soil- 

water partition coefficient. & is dependent on the chemical but not the isotopic composition of 

the contaminant. The simplest form of & is defined as: 

(3.8-2) 

where: 

C, = concentration (mg/kg) of contaminant (adsorbate) adsorbed on the solid at 

equilibrium and 

C, = concentration (mg/L) of contaminant dissolved in water in contact with the 

soil at equilibrium. 

The units of & are volume divided by mass or, using the above concentration units, Llkg (or its 

equivalent, W g ) .  In the case of radioisotopes, concentrations may be expressed in terms of 

activity instead of mass, so that C, becomes pCi/kg or Bqkg and C, becomes pCi/L or BqL. 

The units of & do not change when activities are used. 
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This simplest definition of & assumes that the linear relation C, = &Cw exists between the e 
concentrations of contaminant sorbed on soil and dissolved in water. This generally will be true 

only if sorptioddesorption reactions are reversible, equilibrium is achieved and the number of 

available sorption sites is much larger than the number of dissolved species competing for them 

(i.e., at a relatively low contaminant concentration). 

An important example of the limitation of Equation 3.8-2 under field conditions is its incorrect 

prediction that sufficient water flushing will completely remove sorbed heavy metal and organic 

contaminants from soils. In fact, effluent from such treatment consistently contains a slowly 

diminishing but persistent residual “tail” of contaminant, which can remain of regulatory concern 

long after the time when a & model would have predicted “zero” concentration (Bethke and 

Brady, 2000 and accompanying references). 

At least two non-exclusive explanations have been proposed for this behavior (Alexander, 1995; 

Brusseau, 1994; Doty and Davis, 1991; Fetter, 1993; Weiner, 2000): 

In heterogeneous soils, there are sorption sites with different attractive forces for the sorbed 

species; and 

The speciation and location of sorbed species can change (age) over time, to surface 

locations and chemical forms from which desorption is increasingly less likely. 

Because the simple & model overestimates dissolved contaminant mobility (Bethke and Brady, 

2000), it is considered by some to be a conservative approach for radionuclides having 

significant solubility and, therefore, protective of human health. This is true for short-term 

scenarios, where & models may predict initially higher rates of transport than would a 

complexation model. However, the & model predicts the eventual depletion of the contaminant 

source and continual migration of radionuclides, with steady dispersion and dilution along the 

path. Models that include surface complexation predict less initial mobility, but they also 

predict, more accurately, that a slowly diminishing residual concentration of contaminant will 

remain (Figure TA-3-13) (Bethke and Brady, 2000). e 
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For these reasons, & models should not be used to design long-term remediation methods, but 

they can be useful for modeling conservative transport calculations with certain assumptions. 

Figure TA-3-13 shows that, with a & model, the initial breakthrough concentration of 

contaminant that elutes from a column is the highest concentration that is ever predicted to elute. 

The concentration curve eventually drops back to background when the contaminant is 

completely removed from the column. If the contaminant source were infinite, the predicted 

concentration curve would remain at the breakthrough level as long as there is water flow. 

This means that when a & model is used to predict actinide transport, the concentration of 

actinide that initially reaches a target population is the concentration predicted to be highest that 

will ever occur. This conclusion assumes that primary sources have been removed or controlled 

and that further concentration of secondary sources does not occur. More refined models may 

predict more accurately how the concentration at the target location will change with time but, if 

the initial concentration predicted by a & model using a conservative value of & is considered 

an acceptable risk level, then more detailed calculations are not necessary. 

April 2002 

5y5 
3-76 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

Figure TA-3- 73. Diagram illustrating predicted and typical experimental 
breakthrough curves for trace metals adsorbed on an elution column 

Elution Time - 
Curves a and b: Predicted curves for a & model where &(a) < &(b). 
Curve c: Illustration of a typical experimental curve, showing a slowly diminishing residual concentration of 
actinide and incomplete desorption, not predicted by & models. 

In addition to the above limitations, a & value is valid for a particular contaminant only under 

the same conditions of temperature, contaminant concentration, chemical speciation (e.g., 

oxidation state and kinds and extent of complexation), nature of soil matrix and water solution 

parameters (e.g., pH, ionic strength, chemical composition and redox potential) at which it was 

measured. A consequence of this specificity is that environmental & values, measured for the 

same contaminant travelling along two different pathways in the same region of the same site, 

can differ by orders of magnitude (Little, 1980; Little et al., 1980). This can occur because of 

differences in flow rate (affecting the attainment of sorption equilibrium), nature of the soil 

matrix, presence of other ions and the presence of complexing agents. 

The restrictive conditions imposed on a & value inQcate that its application will always be 

highly Site-specific. Laboratory determinations of & almost never satisfactorily replicate the 

desired field conditions, although they are sometimes useful for identifying some of the 
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. important Site-specific environmental variables. The use of empirical & values for estimating 

radionuclide mobility through terrestrial and aquatic pathways is reviewed in Radioecology afrer 

Chemobyl (Warner and Harrison, 1993). The EPA (1999) has published a thorough examination 

of limitations on the use of & partition coefficients for predicting contaminant mobility in the 

environment and Bethke and Brady (2000) discuss the failure of & models to accurately predict 

the transport of trace metals in groundwater. 

The reality is that modeling contaminant mobility in the subsurface requires some sort of 

quantifiable parameter that assigns a velocity to contaminant movement. Because & lends itself 

to a convenient calculation of retardation factors for dissolved contaminants (relative to the 

velo9ity of the transporting water), & values have become an integral part of most contaminant 

fate and transport models. When used in a transport-modeling program, & need only allow a 

meaningful estimate of dissolved contaminant mobility; the precise theoretical significance of & 
is unnecessary. For example, there are several empirical methods for estimating & values where 

Site-specific values are not available (ANL, 1993), none of which is based on purely 

sorptioddesorption reactions. Such approaches include: 

0 A groundwater concentration method, based on the elapsed time between contaminant 

release and measured groundwater concentration at a distant site; 

A solubility limit method, based on the contaminant solubility constant and stability 

diagrams; 

0 A leach rate method, based on a sorptioddesorption and ion-exchange leaching model; and 

A plantlsoil concentration method based on a strong correlation between the plantlsoil 

concentration ratio and the contaminated zone & value. 

By using any of these approaches, the modeler has abandoned the interpretation of & as a 

measure of only sorptioddesorption reactions and accepts an empirical definition that is valuable 

insofar as it allows useful predictions of Site-specific contaminant mobility. In practice, 

modelers generally attempt to identify and measure the Site variables that are most important for 
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influencing the values of & and then generate data tables or equations that give values of & as a 0 
function of these variables. 

However, there is little assurance that the variables identified as controlling parameters in a 

transport model are the ones actually controlling contaminant movement on the Site. The & 
approach is complicated by several factors: 

The spatial heterogeneity of most sites limits the region over which any & value is 

applicable. Most models divide sites into cells within which the important variables are 

assumed to be constant. Efurd et al. (1993b) emphasized the importance of obtaining 

measurements of actinide concentration inhomogeneity at RFETS. When they analyzed 

three, 2 L aliquots of water from a single larger sample taken from pond C-2, they found a 16 

% coefficient of variation in the results. Little and coworkers (Little, 1980; Little et al., 

1980) reported large variability in Pu activity in soil measured in like samples (same depth 

and particle size range) at RFETS. They also reported large spatial variability, citing one 

instance where the Pu concentrations in aliquots taken less than 15 cm apart varied by nearly 

three orders of magnitude; 

It may be difficult or impossible to measure all the important variables on a fine enough scale 

to obtain the best results from a simulation model. This often determines the degree of 

uncertainty in the model’s predictions and the extent of field calibrations required; 

The important variables are often different from site to site. Thus, each site must be assessed 

individually for these parameters; 

The contaminant may be present simultaneously in several chemical and physical forms, 

which differ in important characteristics, such as oxidation number, nature and degree of 

complexation, association with colloidal solids, ionic charge, molecular diameter, solubility 

etc. Thus, different fractions of the contaminant may have different & values in the same 

soil environment; and 
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As stated earlier, where important transport mechanisms involve movement of solid 

particulate matter, a transport model altogether different from the & approach is necessary, 

such as water and wind erosion models. 

In practice, an environmental & should be regarded as an empirical parameter that contains 

within it a site-specific set of variables, many of which are likely to be unknown. As stated 

earlier, an environmental & used in transport modeling can be regarded as the ratio of immobile 

to dissolvedmobile forms of a radionuclide in the subsurface, Le.: 

Concentration of Immobile Radionuclide 
Concentration of Mobile Radionuclide &.environmenta~ = 

Because the forms of the mobile fraction (dissolved, complexed, colloidal, etc.) are not 

necessarily known, it cannot be assumed that the retardation of all components of the mobile 

fraction is the same, relative to the velocity of carrying water fraction. It may be necessary to 

introduce additional retardation factors. 

Every modeling program brings its own set of compromises to fate and transport calculations. a 
As computational ability improves for including more variables on a finer scale, the modeling 

results become more robust and scientifically defensible. To the extent that uncertainty is 

present in modeling results, &s should be chosen to yield conservative estimates. If a & can be 

confidently shown a maximal or minimal possible value, such calculations can provide bounding 

or conservative information on h transport. The bounding minimum & approach has become 

standard in the modeling of radionuclide transport (Meijer, 1992). 

& Models 

Constant Kd Model 

The chief difficulty with a constant & as defined by Equation 2.8-2 is that it contains no 

information concerning which system variables have a significant influence on its value. 

Consequently, there is no guidance for which variables to control in laboratory measurements or 

where to anticipate Site-specific variations in value due to different condtions. 9 
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Where environmental releases have occurred, deliberately or accidentally, site-specific &s can 

sometimes be measured in the field. Enough measurements must be made at different locations 

to assure that local variability is adequately accounted for in subsequent modeling programs. 

Where field data are not available, batch or column laboratory measurements must be made. 

These typically use soil from the Site and actual or simulated groundwater to which a 

characteristic concentration of contaminant has been added. Laboratory experiments seldom 

attempt to duplicate'the flow heterogeneity that often exists in the Site environment where soil 

fractures, animal burrows, root systems, utility lines and construction sites may establish 

preferred pathways for water flow. In addtion, laboratory and field measurements share a 

common difficulty of obtaining enough samples from varying locations to assure that the Site has 

been adequate1 y characterized. 

The EPA (1999) gives examples of the sensitivity of the constant & model to changes in key 

system variables, where reports by Delegard and Barney (1983), Kaplan and Serne (1995), 

Kaplan et al. (1998), Sheppard et al. (1976), Thibault et al. (1990) and others are referenced. In 

laboratory tests, Am & values changed by a factor of 200 when aqueous phase chemistry was 

varied, by a factor of 7 when slightly different sediments were used and by a factor of 350 when 

similar aqueous phases but diverse soils were used. &s for U varied by a factor of lo6 and for 

Pu by a factor of lo4, depending on the experimental conditions. 

Parametric K,, Model 

An obvious approach for improving the constant & model is to introduce important aqueous and 

solid-phase variables into its definition. Then & can vary as a function of empirically derived 

relationships among the variable parameters. Such a parametric & model is more robust and 

removes the burden of making separate & measurements for each environmental condition. It 

does, however, introduce a new set of requirements; the essential site-specific variables must be 

identified and their spatial variability determined. A major advantage of the parametric & 
model is that it can be calibrated to the Site by using statistical regression methods to fit certain 

I 
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locations where & and values of the variables are known. The resulting empirical & equations 

may be either linear or polynomial expressions. 

An example of this approach is given by EPA (1999, Vol. 11, Appendix G), where Pu & values 

(ranging between 5 mUg and 3,130 m V g )  for 17 soil samples from 9 different sites were used, 

as determined by Glover et al. (1976). The data set was the most extensive available in terms of 

soil properties. Soil properties measured included conductivity, pH and soluble carbonate in soil 

extracts, inorganic and organic carbon content, CEC and soil texture (weight, percent of sand, silt 

and clay). Soil textures varied from clay to fine sand. 

This example demonstrates that Site conditions can sometimes be greatly simplified and still 

yield useful predictions. Although the Glover et al. (1976) data showed that &s were affected 

by several different variables, careful statistical analysis showed that just two soil variables were 

the most significant for predicting & values. These were concentration of dissolved carbonate 

in soil extracts and the percentage of clay in the soil. It was important to restrict the initial Pu 

concentration to 2 . 4 ~ 1 0 - ~  mg/L to avoid complications from the formation of Pu precipitates. 

Using only these two variable parameters, a two-part linear regression equation for & was 

developed with a coefficient of determination of R2 = 0.9730 (EPA, 1999, Vol. II, Appendix G). 

The dependence on carbonate suggests that PU complexation with carbonate was a dominant 

process in the Glover et al. (1976) studies. Although carbonate is one of the most common 

groundwater constituents, it must be remembered that carbonate complexation might be 

relatively unimportant in systems of low alkalinity. At other sites, complexation with different 

species might be more important. Sposito (1989) estimated that groundwater could contain 100 

to 200 different soluble species, many of which are complexed metals. The most common 

anions for forming soluble metal complexes in groundwater are HC03-/C032-, C1-, SO:- and 

dissolved organic carbon (humic materials), any one of which might be dominant at a given site. 

The influence on &s for Pu and other trace metals of the concentration of dissolved organic 

matter has been reported by Berry et al. (1991), Choppin (1988,1992), Moulin et al. (1992) and 

Lenhart (1997), among others. 
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The dependence on clay content indicates those sorption sites on constituents of the Glover et al. 

soils larger than clay sizes were in relatively low abundance. However, in a soil with high 

organic carbon and low clay content, & could depend on the concentration of organic carbon 

more strongly than clay. 

Although pH, ionic strength (electrical conductivity) and redox potential were not the major 

controlling variables in the Glover et al. (1976) determinations of Pu & values, many other 

researchers have found them to be very important (e.g., Barney, 1992; Billon, 1982; Bondietti et 

al., 1975; Choppin and Morse, 1987; Nelson et al., 1987; Ticknor, 1993). Thus, the results of the 

EPA (1999, Vol. 11, Appendix G) analysis of the Glover et al. data should not be assumed useful 

for other sites. 

Thermodvnamic Kd Model 

An elaboration of the parametric approach is to include calculations of interactions among 

important parameters in the transport model, such as pH, carbonate concentration, redox 

potential and the presence of competitive complexing agents (Turner et al., 1991). This is 

similar to the & "unfolding" approach of Brendler (1999). When sufficient thermodynamic data 

are available, this modification allows the use of modeling codes, such as MINTEQA2 

(Brendler, 1999; Allison et al., 1991), for predicting radionuclide speciation and solubility under 

solution conditions that have not been measured directly. For example, a simple parametric 

model might bracket expected conditions at the Site by measuring & values for three or four 

groundwater compositions. However, by including a procedure for calculating interactions 

among the important parameters, the model allows the interpolation of & values between these 

bracketing groundwaters as well as extrapolation to other potentially unexpected groundwater 

compositions. 

Isotherm Adsorption Kd Model 

A plot of dissolved concentration versus adsorbed concentration for a contaminant, other 

parameters being held constant, is called an adsorption isotherm. It is often observed that, as 

dissolved concentration increases, a level is reached where the concentration of adsorbed 
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contaminant no longer increases in direct proportion to' the concentration of dissolved 

contaminant and the adsorption isotherm becomes nonlinear. Therefore, in the region of 

nonlinearity, the value of & calculated by Equation 2.8-2 decreases as the concentration of 

dissolved contaminant species increases. It is generally accepted that the. most common reason 

for this behavior is the soil becomes saturated with adsorbate, as the number of available 

adsorption sites becomes limited relative to the number of dissolved species competing for them 

@PA, 1999, Vol. I). 

Much effort has been spent on interpreting the shape of adsorption isotherms in terms of 

adsorption mechanisms (e.g., Dubinin and Radushkevich, 1947; Freundlich, 1926; Giles et al., 

1974; Langmuir, 1918; Rai and Zachara, 1984; Salter et al., 1981b; Sposito, 1984). It appears 

that this might be possible for well-defined and relatively simple systems. However, in a 

complex system, such as a natural soiVwater environment, it is unlikely that the shape of an 

adsorption isotherm gives any dependable or useful information concerning the mechanism of 

the adsorption process. 

Present subsurface transport models cannot quantitatively incorporate all of the physical- 

chemical complexity inherent in natural systems. An adsorption isotherm approach bypasses the 

need for identifying all the variables needed for a parametric & approach and, at some sites, an 

adsorption isotherm model might be more suitable than a & model. In general, one should view 

the shape of an adsorption isotherm only as an empirical result related to the specific site. 

However, since isotherm equations have one or more empirically derived constants, an empirical 

adsorption isotherm is easily incorporated into many contaminant transport models. Because 

adsorption isotherms include one measured variable (contaminant concentration) and one or two 

empirical constants obtained by calibration at the Site, they represent an improvement over the 

linear & of Equation 2.8-2. In terms of producing robust and scientifically defensible results 

when used in transport models, adsorption isotherms lie between linear &s and parametric &s. 

The three mathematical forms of adsorption isothexms in common use are the Langmuir (1918), 

Freundlich (1926) and Dubinin-Radushkevich (1947) models. Sposito (1984) and Salter et al. 

(1981a, b) cite several instances where the Langmuir isotherm has successfully been fitted to 
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trace adsorption by natural substrates. They describe modifications allowing interactions 

between two different adsorbates competing for two different kinds of substrate sites. The 

Freundlich isotherm has been found to fit nonlinear adsorption behavior better than the Langmuir 

isotherm for many radionuclides (Sposito, 1984). The more recent Dubinin-Radushkevich 

isotherm was designed for use with adsorption of trace amounts of adsorbates onto 

heterogeneous substrates containing sites of different attractive strengths. It cannot be used near 

sorption saturation of the substrate. Ames et al. (1982) used the Dubinin-Radushkevich isotherm 

to successfully model the adsorption of U onto basalt and its weathering products. 

Developing Empirical & Values 

In a laboratory under controlled experimental conditions, the concentration of a chemical sorbed 

to a well-defined solid surface, divided by its concentration dissolved in water in contact with the 

solid, may, under equilibrium conditions, be interpreted as an adsorption partition coefficient, 

&. However, in a natural environmental setting, such as where a chemical is transported by 

groundwater movement through a soil matrix, a similar measurement must be interpreted less 

mechanistically because a variety of different processes, both known and unknown, may be at 

work. An environmental & reflects the response of a chemical to all of the variables that affect 

its interactions with the solid and aqueous phases with which it is in contact. The relative 

concentrations of the chemical associated with the dissolved and solid states can be influenced 

by, for example: 

The formation of compounds of low solubility, resulting in precipitation; 

e The formation of complexes that increase the number of soluble species; 

0 The presence of other dissolved chemicals competing for adsorption sites; 

0 The presence of several different types of surface sites with different attraction potentials; 

0 Multiple speciation of the dissolved chemical because of pH and/or redox conditions, where 

each species can have a different & value; 
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Variability of solid surface charge with changes in pH; 

Association of the chemical with colloidal solids, which may increase or decrease the 

apparent dlssolved concentration, depending on the separation process (filtration or 

centrifugation); 

The degree to which reaction equilibrium has been attained; and 

The presence of preferred pathways for water flow within the soil matrix. This not only 

influences the extent of reaction equilibrium attained, it may result in anomalous measured 

& values and retardation factors. Bundt et al. (2000) found that activities of atmospherically 

deposited radionuclides, including Pu and Am, were enriched in preferential flow paths in the 

vadose zone by a factor of up to 3.5. Litaor et al. (1994) found evidence that small amounts 

of radionuclides could move down the soil column through a network of macropores formed 

by decayed root channels and other biological processes. 

It is clear that environmental & values can reflect more than only sorption reactions and may be 

expected to be very Site-specific. The most typical situation is one where there is too little 

information about the physicochemical conditions and their spatial distribution at the Site to 

allow complete understanding of the factors influencing a measured & value. In this case, & is 
best viewed only as a measured parameter that can be correlated with contaminant movement 

within a limited region at a given site. At best, the influence on & of a few important soil and 

water variables will have been measured, making the transport model less dependent on a 

thorough statistical coverage of measured site contaminant mobility. 

Runde (2000) notes that the solubility of an actinide species establishes an upper limit to the 

actinide concentration in solution and may be considered as the first barrier to the transport of 

dissolved actinides. The sorption of dissolved actinides to surrounding rock and mineral surfaces 

may be expected to act as a secondary barrier. The & parameter serves as an indicator of the 

effectiveness of this secondary barrier in that it furnishes a convenient method of calculating a 

retardation factor for dissolved contaminant mobility in the soil subsurface. Dissolved actinides 
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with high values of & (>300 mVg) under specified circumstances show little movement through 
0 

subsurface soils but have a high potential for resuspension at the soil surface (the movement by 

water or wind mediated erosion of actinides adsorbed to solids), whereas those with low & 
values (c30 mUg) show greater movement in subsurface soils and have a lower potential for 

resuspension. Inclusion of resuspension in modeling is important because higher actinide 

concentrations are often related to smaller soil particle sizes, leading to a potential for enriching 

actinides in eroding soil. This potential for enrichment can affect the long-term redistribution of 

actinides and their relative transport by wind and surface/ground water movement. 

Part of the concern over the use of & values for transport modeling arises because & is often 

used to indicate an adsorption coefficient, although it also is used as a partition coefficient andor 

distribution coefficient. In transport modeling, & is most appropriately called a distribution 

coefficient, describing the distribution of a radionuclide between immobile and mobile forms, 

without necessarily defining the physicochemical nature of these forms. Perhaps another 

symbol, such as R,, as used by Santschi et al. (1999) to define a phase-partitioning coefficient, 

would be preferable in order to emphasize the empirical meaning of an environmental & 
coefficient. Whatever symbol or model is used, & always becomes a summarizing value for the 

underlying assumptions used to calculate a net retardation factor. Obviously, the modeling 

results must be thoroughly tested against field data to assure reliability. 

In this regard, Davis (2001) suggests that surface complexation modeling of radionuclide 

adsorption should be given wider recognition in transport and performance assessment modeling. 

Surface Complexation Modeling offers a more scientifically defensible means of linking the 

selection of & values for performance assessment to existing knowledge and thermodynamic 

date for radionuclide speciation in aqueous systems. 

The conclusion of this & discussion is that there can be multiple stages of & development, each 

more detailed with respect to incorporation of additional variables: 

0 The isotherm & model, which determines an empirical graphical relation between dissolved 

and adsorbed concentrations of a contaminant to a solid substrate. Although the shape of the 
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adsorption isotherm may contain information about the adsorption mechanism, the method is 

sometimes useful without any mechanistic interpretation at locations where there is little 

variability across the Site; 

0 The simple constant adsorption & model with no variables (see Equation 2.8-2), which can 

accurately describe adsorptioddesorption behavior for low concentrations of a single 

dissolved chemical species to a uniform solid surface; and 

The parametric & model, which allows adjustment of & values to fit Site-specific 

differences in several variables identified as important by laboratory or field experiments. & 
adjustments can be made by the use of tables that include ranges of variables that bracket site 

conditions or by including the variables into polynomial equations for calculating I Q .  

The thermodynamic I(d model, which includes calculations, based on thermodynamic data, of 

how surface interactions (both electrostatic and non-electrostatic) among important parameters 

(such as pH, carbonate concentration, redox potential and the presence of competitive 

complexing agents) influence the speciation of contaminants and their transport properties. This 

approach is the most robust because it allows the interpolation and extrapolation of & values 

beyond the limited number of measured values. However, this approach requires the greatest 

theoretical and practical understanding of Site conditions. 

Use of Empirical &s in Chemical Reaction Models 

As emphasized in previous sections, & values can be very site specific. No tasks related to 

using & values in chemical reaction models are more important than: 

Identifying those contaminants for which the & approach is appropriate; and 

0 Detennining what &s are appropriate for a given site. 

Choices of & must be based on Site measurements, good science and computer verification. 

literature-derived &s are to be used for modeling contaminant transport at a gwen site, it is 
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important to understand the conditions under which the literature values were obtained and 

whether or not they are applicable to the site under study. 

Even when look-up tables or parametric equations are used to calculate &s as a function of 

controlling variables, the transport modeler must have site-specific evidence that the literature 

variables are appropriate for the site to be modeled. No single set of variables, such as dissolved 

carbonate and clay content, are suitable for all sites. Look-up tables and parametric equations 

typically include only a few variables determined by experiment to be the most important for the 

study in question. Another site might require that additional variables or even a completely 

different set of variables, be included for sufficient accuracy. 

For example, Multimedia Environmental Contaminant Assessment System (MEPAS) is a human 

health risks model (Buck et al., 1995) which has been used by Strenge and Peterson (1989) to 

create a look-up table for U &s. MEPAS uses pH and soil texture as the controlling variables. 

It is shown in EPA (1999) that, by including the additional parameter of oxidation state into the 

MEPAS variable set, appreciably greater accuracy is obtained for & values. The reduced form 

of U, U(IV), has a much larger apparent & than U(V1) at all values of pH, because U(IV) is 

known to precipitate from solution at the concentrations used. 

Summary of Issues and Limitations of the Empirical &Approach 

First, the empirical & approach is not appropriate for contaminants of very low solubility, whose 

mobility is significantly influenced by processes different from sorptioddesorption mechanisms, 

such as water and wind erosion of soil particulates. For dissolved contaminants, the complexity 

and spatial heterogeneity of the subsurface soiVwater matrix is the cause of important restrictions 

to the use of empirical &s for predicting contaminant mobility. Unfortunately for the transport 

modeler, the measured value of & can be very sensitive to subtle changes in subsurface 

conditions. For example, a pore water pH change not only affects the chemical speciation of the 

dissolved contaminant; it can also affect the soil components by altering the magnitude and, 

possibly, the sign of surface charge, the amount and nature of precipitates, the activity of 
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microbes and the mobility of colloids. A change in any of these parameters may affect the value 

of Kd. 

As another example (EPA, 1999), small changes in soil properties with depth from the surface 

can change & markedly. At a South Carolina site, a coating of organic matter on surface soils, 

comprising only 1 % by weight, completely masked the sorption properties of the underlying 

mineral surfaces (Kaplan et al., 1993) and yielded larger &s than expected from.the mineral 

content of the soil. Just below the organic-coated soils, soil particles were coated with iron 

oxides, creating a region dominated by pH-dependent surface charges. 

The sensitivity of &s to site conditions imposes a responsibility on the transport modeler to 

address the issues presented in the following sections. 

Limitations of K,, Values From Laboratow Experiments. 

Laboratory & measurements, whether batch or column type, often are performed on relatively 

simple systems. Soils may be represented by well-defined phases such as montmorillonite, 

quartz or goethite. Groundwater may be approximated by a synthesized solution containing, for 

example, only carbonate, chloride, sodium and calcium. Such simplified experiments are 

important because they can produce useful information about solute-surface interactions that 

could not be obtained otherwise. However, it should not be assumed that & values from such 

experiments could be applied to a specific site, even if it is believed that site conditions are 

similar. 

Laboratory & experiments generally start with a well-characterized soluble form of a 

radionuclide and measure how much of this soluble form sorbs to a selected solid matrix. When 

determining an in situ & value, the measurement involves determining the amount of 

radionuclide removed from solution by a combination of all possible mechanisms (sorption, 

precipitation, etc.). In situ radionuclides may be present in several different forms, including 

relatively insoluble forms such as oxides (e.g., Pu02). In such a case, the & determination is 

limited by the intrinsic solubility of low solubility material, which for PuOz is of the order of 10- 

l5 M. Thus, the & value determined under such conditions is frequently controlled by the 
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presence of compounds of low solubility and is likely to be very large (Le., & = lo4 to lo5 e 
Lkg). For these reasons, an in situ &will often differ substantially from a & measured in the 

laboratory. 

For Site-specific calculations from laboratory data, experiments should utilize soils and 

groundwater from the site (Cleveland et al., 1983). It is important to have an idea of which site 

parameters have a significant influence on & (from simplified experiments) so that the site can 

be sampled in a representative fashion. 

Ideally, on-Site contamination, from either accidental or purposeful releases, can be used to 

calculate &s from measurements of contaminant phase distributions at specific locations. By 

measuring as many additional chemical and physical properties as practicable, it might be 

possible to identify the most important site parameters and use them to calibrate the model at 

other locations. 

Spatial Variability at the Site 

Measurements of the subsurface soiVwater matrix are always made on a limited number of 

samples. The required sampling density at a site depends on how variable subsurface conditions 

are across the site. The modeler should seek evidence that the site has been adequately sampled 

to accurately represent the spatial variability of subsurface conditions. 

Soil texture and stratigraphy may be available from well-log data. Where necessary, 

hydrological and chemical properties sometimes can be deduced from soil texture information 

(Peterson et al., 1996), but it is better to measure important parameters such as pH, ion-exchange 

capacity, redox potential and carbonatehicarbonate concentration at the site. There always is a 

trade-off between comprehensive data collection and time and costs. Therefore, the effort 

expended in determining the most important parameters is generally well spent. 

Colloid Transport 

Colloid transport, as it relates to RFETS, is discussed in more detail in Section 2.7. Since 

colloids are solids in the form of small particles, they can interact with radionuclides through 
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sorption interactions. Because of their small size, colloidal solids are potentially mobile when 

present in water flowing through a soil matrix. Radionuclides may become associated with 

colloids because dissolved species have precipitated as colloidal-sized particles, have sorbed to 

colloidal. solids present in the soil matrix or have been irreversibly bound as an integral part of 

the colloid structure. Although sorption to the soil matrix always retards the movement of 

radionuclides, sorption to colloidal solids can either retard or enhance their mobility. If the 

colloid sorbs to or is filtered by the stationary part of the soil mat& associated radionuclide 

mobility will be retarded. If the colloid is carried along freely by water movement, associated 

radionuclide mobility will be enhanced. 

The presence of colloids can also influence the measured value of &. Because a determination 

of & requires a measurement of the dissolved and sorbed phases of a chemical, the separation of 

the sample into aqueous and solid phases is an essential part of the measurement. Separation of 

aqueous and solid phases is commonly accomplished by filtration andor centrifugation. Both 

methods present difficulties: 

With filtration, the filter material may sorb solute species. This can be a significant source of 

error if the solute of interest is in low concentration. If filtration does not remove all the 

colloidal material, radionuclides associated with the unfiltered colloids will be measured as 

part of the dissolved contaminant concentration; and 

With centrifugation, some colloidal material may remain suspended and be counted as part of 

the liquid. 

No matter what method is used for separation, it operationally determines how large a particle 

must be before it is considered to be dissolved (part of the aqueous phase) and is no longer 

associated with the solid phase. If initially dissolved contaminants become sorbed to colloid- 

sized particles that pass through a filter or remain suspended after centrifugation, they will be 

incorrectly assigned to the dissolved phase, C,. This will result in a & value that is too low if 

the colloids are less mobile in the environment than dissolved species and too large if the 

colloids are more mobile. In an early report, Cleveland et al. (1976) dealt with the colloid issue 
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by using the term “solubilization” to mean any dispersal of a solid in water, whether the e 
mechanism be true dissolution, colloid peptization or formation of a fine suspension. These 

authors state: “Only that concentration (of Pu and Am) filterable through 0.2 micron filters can 

be present in true solution and a large portion of this fraction is undoubtedly present as smaller 

colloids.” If colloid-enhanced transport of contaminants is an important process, transport 

models should be adapted to include this mechanism; see, for exainple, Reible et al. (1991). 

TA - 3.8.3 Actinide Empirical Kd Values From the Literature 

Uranium Empirical &Values 

The EPA (1999) concludes that the best way to model the concentration of U is not with the & 
construct but with solubility constants. Nevertheless, they have analyzed a large number of 

literature & values for U for developing a look-up table for modeling input parameters. The 

following discussion utilizes many of their conclusions. 

Effects of DH 

Figure TA-3-14 from EPA (1999) shows U &s for a wide variety of solution and substrate 

conditions plotted against pH. Despite the wide scatter in the data (which illustrates the 

importance of other parameters), certain general trends are evident for all environmental and 

laboratory conditions: 

& (U) is small (e10 mUg) for pH 43; 

& (U) increases rapidly from pH 3 to 5 ;  

& (LJ) reaches a broad maximum between pH 5 to 8; anc 

& (U) decreases as pH increases above 8. 

This behavior is attributed to the pH-dependent surface charge properties of the substrates and 

complexation of dissolved U(V1) with carbonates in the range pH >7. The pH maximum occurs 

where the dominant U aqueous species change from cations to anions as pH increases. 0 
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Figure TA-3-14. Uranium literature Kd values versus pH 

, Effects of Mineraloav 

Source: EPA (1 999) 

The data scatter in Figure TA-3-14 shows other parameters besides pH can have an important 

influence on U & values. A part of the scatter is caused by heterogeneity in the soil mineralogy. 

Soils containing larger percentages of iron oxide minerals and mineral coatings and/or clay 

minerals exhibit higher sorption characteristics than soils dominated by quartz and feldspar 

minerals. This variability in U adsorption with respect to mineralogy is evident in U & values 

versus pH calculated from adsorption measurements on fenihydrite, kaolinite and quartz by 

Waite et al. (1992). The difference in the maximum and minimum & values for these minerals 

is nearly 3 orders of magnitude at any fixed pH value in the pH range from 3 to 9.5. 

Effects of Dissolved Carbonate SDecies 

Many researchers have noted that dissolved carbonatehicarbonate has a significant effect on the 

aqueous chemistry and solubility of dissolved U(VI) through the formation of strong anionic 

carbonate and bicarbonate complexes at alkaline pH conditions. See, for example, Tripathi 

(1984); Hsi and Langmuir (1985) et al. (1992 1994), McKinley et al. (1995); Duff and Amrheim 
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(1996); and Turner et al. (1996). Figure TA-3-16 (Waite et al., 1994) shows how the dissolved 

speciation of U(V1) varies with pH, for a solution at 25°C with total U(V1) = 

equilibrium with atmospheric carbon dioxide (pC02 = 10-3.5 atm) and (b) at a typical 

groundwater concentration for carbon dioxide (pC02 = atm). As with Pu (see Figure TA- 

3-3), carbonate complexes are predominant above about pH 6 ,  greatly increasing the solubility 

and mobility of U minerals. Figure TA-3-16 shows that differences in the partial pressure of 

C02 can have a major affect on U speciation. 

M, (a) in 

Figure TA-3-15. Dissolved speciation of U(V1) at a total concentration of 106 M 
and ionic strength = 0.1 

-1u 
9 ’ 10 3 4 5 6  7 8 

(4 (b) 
(a) In an open system equilibrated with carbon dioxide at a partial pressure of lo3.’ atm. 
(b) In a system equilibrated with carbon dioxide at a partial pressure of lo”.’ atm, typical of many groundwaters. 
Calculations were made with the equilibrium speciation computer code HYDRAQL (Papelis et al., 1988). Adapted 
from Waite et al. (1994). 

Waite et al. (1994) show that the percent of U(V1) adsorbed onto ferrihydrite decreases from 

approximately 97 to 38 % when C02 is increased from ambient 0.03 % to an elevated 1 % partial 

pressure. Soil pore space gases may contain up to 10 % of C02 generated by decomposition of 

organic matter and, therefore, can exert a strong influence on U mobility. 

Adsorption studies conducted in a COZ-free atmosphere (see references above for complex 

formation) show that, in the absence of dissolved carbonate, U maintains a maximum adsorption 

with increasing pH above seven. Although carbonate-free systems are not relevant to natural 

soil/groundwater systems, they are important to understanding the reaction mechanisms affecting 

J April2002 3-95 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I 05-01 

the aqueous and adsorption geochemistry of U. It should be expected that the adsorption of U 

will decrease rapidly, possibly to very low values, at pH values greater than 8 for waters in 

contact with CO2 or carbonate minerals. Where complexation of U by carbonates or other 

species is an important parameter, it might be necessary to include surface complexation 

modeling techniques into the transport model. 

The EPA (1999) describes the use of electrostatic surface complexation models in chemical 

reaction codes, such as EPA’s MINTEQAZ, to derive & values for some radionuclides as a 

function of key geochemical parameters, such as pH and carbonate concentrations. The EPA 

(1999) states that the current state of knowledge regarding surface complexation constants for U 

adsorption onto important soil minerals, such as iron oxides and development of a mechanistic 

understanding of these reactions is probably as advanced as for any other trace metal. In the 

absence of site-specific & values for the geochemical conditions of interest, EPA encourages the 

use of surface complexation models to predict bounding U & values and their dependence on 

important geochemical parameters. Brendler (1999) gives details of a similar approach for 

including complexation models in the developing of & as a summation vector representing 

multiple parameters. 

Effects of Clav Content and CEC 

Studies on the effects of clay concentration and CEC on U &s are limited. Serkiz and Johnson 

(1994) found no correlation between their in-situ U & values and the clay content or CEC of 

their soils over a pH range from 3 to 7. However, others (Chisholm-Brause, 1994; Moms et al., 

1994; McKinley et al., 1995; Turner et al., 1996), found that U adsorption to clay minerals is 

complicated and involves multiple binding sites, including exchange and edge-coordination sites. 

Kovalevski (1967) observed that the U content of western Siberian non-cultivated soils increased 

with their clay content and that clay soils contained at least 3 times more U than sands. 
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Literature Values for Uranium Empirical K& 

Empirical & values for U at non-RFETS locations, obtained from a review of available 

literature, are presented in Table TA-3-3. Empirical & values for U at the Site, obtained from a 

review of available reports and literature, are presented in Table TA-3-4. 

Summary of Uranium EmDirical Kd Values 

Table TA-3-4 includes the only reported values, found so far, for U empirical &s specific to 

RFETS. The values range from essentially 0 - 1000 mUg. These values are certainly within the 

range of &s reported for U world-wide. 

Initial U movement from any source at RFETS is mostly vertical through the subsurface toward 

the groundwater; wind and surface runoff transport of U are minor pathways (Litaor, 1995). Soil 

levels of U drop rapidly from higher-than-background near the primary sources at the 903 Pad, to 

background range only a few hundred meters downgradient (Litaor, 1995). Litaor also notes that 

U mobility is greatly retarded below the A soil horizon, where high clay content greatly reduces 

hydraulic conductivity. Seed et al. (1971) found hot spots below the asphalt cap placed over the 

former storage area from which they retrieved >31 kg of U, showing that U will concentrate at 

zones of lower hydraulic conductivity. Anthropogenic U that eventually reaches the 

groundwater will join any background U that might be present and move with groundwater flow, 

with possible retardation. Some groundwater returns to the surface east of the Industrial Area 

and contributes to the treatment pond system, thereby introducing U to those surface water 

bodies. 

Data from an elaborate system of monitoring wells were used to determine the distribution of U 

at RFETS (RMRS, 1998b). All but one well contained U below established background levels. 

An exceedance of background level was defined as more than two standard deviations above the 

mean background established for that location. One well, 07391, at Ryan's Pit near the 903 Pad 

showed an increasing trend in U concentration during 1998, culminating in a measurement 

exceeding the background criterion. The causes of this anomaly are being studied. 
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From the above studies, it appears that the only observed significant RFBTS contribution to U in 

groundwater is in the immediate vicinity of the primary sources. This contrasts with Pu and Am, 

where wind and stormwater transport have established a region of secondary contaminant 

sources east of the Industrial Area. 

At the time of this report, the source-terms for U are not as well identified as those for Pu. When 

the distribution of natural and anthropogenic U at RFETS is better defined, it seems possible that 

data concerning the historical distribution of natural U might be useful predicting the movement 

of anthropogenic U, since U from RFETS sources will be subject to similar conditions of 

geochemistry and dispersal mechanisms as background U. 

An important influence on both natural and anthropogenic U movement introduced by RFBTS 

activities are associated with potential concentration of U isotopes, as in the treatment pond 

sediments. Some groundwater U background levels already exceed state drinking water 

standards (Moody and Morse, 1992) and a large portion of groundwater at RFETS feeds into the 

surface treatment pond system. Data described in Chapters TA-2 and TA-3 show that, unlike Pu 
and Am, U is not significantly retained in the pond sediments. Thus, pond discharge water may 

introduce U into surface waters that otherwise might have remained in groundwater. 
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Table TA-3-3. Empirical Kd Values for Uranium at Non-RFETS Locations 

Iron-rich abyssal red 
clay 

200 at pH=2.8 
7.9~10’ at ~H=7.1 

Erickson, 1980 PH 

Giblin, 1980 Kaolinite 21 1 - 3 . 8 ~ 1 0 ~  PH &was ~1,000 at pH c 4.8, rose to - 3 . 8 ~ 1 0 ~  between pH 4.8 and 6.9 and then 
decreased to 1 .4~10~  at pH 9.9. 

Borovec. 198 I Kaolinite, illite and 
montmorillonite 

50-1 .OW U conc., 
substrate 
minerals 

& increases with decreasing U conc. 
&(kaolinite) < &(illite) < &(montmorillonite). 

Salter et al.. 1981 Columbia R. basalts 0.4-2.8 at pH IO 
2.2-16 at pH 8 

T, P, solution 
composition, 
redox pot. 

~~~ ~~~ 

Hanford groundwater. Batch studies at 23 and 60°C under oxidizing and reducing 
conditions. 

23°C and oxidizing conditions 
2 - 6 . 5 ~  IO4 Anderson et al., 1982 Igneous rocks and 

related single mineral 
phases 

pH, substrate 
minerals 

On quartz, & increased from -2 at pH 3.5 to - 1 . 5 ~ 1 0 ~  at pH 9. 

On biotite, & increased from -27 at pH 3.4 to - 1 . 7 ~ 1 0 ~  at pH 7.3, then fell to - 
8x 1 O3 at pH 9. 
On apatite, & increased from -200 at pH 3.3 to -1.4~10’ at pH 6. 

On atta ulgite, & increased from -460 at pH 3.6 to -6.5~10’ at pH 7.3, then fell to - 
4 . 6 ~ 1 0  at pH 8.7. 

On montmorillonite, & increased from - 1 . 2 ~ 1 0 ~  at pH 3.2 to -2x104 at pH 9. 

B 

Ames et al., 1982 Columbia R. basalts 0.19-127 
pH = 7.65-8.48 
CEC = 1.5-4.8 meq/lOOg (one 
sample at 72 meq1100g) 

U conc., T, 
PH, CEC, 
basalt source, 
surface area, 
contact time 

Synthetic groundwaters to simulate Hanford site groundwater. 

Ames et al.. 1983a.b Silicate minerals 0.6-3,500 
pH = 7-8.65 
CEC = 0.95-140.2 meqll00g 

U conc., T, 
substrate type, 
surface area, 
solution 
composition, 
contact time 

Batch experiments under oxidizing conditions. 

3-99 April 2002 



Actinide Migratiori Evaluatiori Pathway Analysis Report Techrtical Appendix 

Classificatiori Exeritptiori CEX-105-01 

Location/ 
Substrate 

Table TA-3-3. Empirical Kd Values for Uranium at Non-RFETS Locations (continued) 

K,, Range 
_. (mug) 

Controlled 
Variables 

Soil from Aberdeen 
(silt loam) and Yuma 
(sandy loam) Proving 
Grounds 
Wide range of 
substrates, both 

Notes 

33-7,350: organic 
3284,360. Aberdeen soil 
44-54: Yuma soil 

0.02-5,OOO (clays, 
fresh and marine sediments) 

freshwater and marine; 
see notes 

Reference 
" 2 2  - --*, - -3 - 

Ames et al., 1983c 
I 

4-5,000 (crystalline rocks) 
20-1.700 (soils) 

~ 

Sediments from 
Hanford site 
Former Konrad iron 
ore mine 

I .7-79.3 CEC, soil type 

2.6 - 20 Fresh and 
saline waters 

.- -. . 
Batch experiments under oxidizing conditions. K d  values reflcct high adsorptive 
capacity of ferric hydroxides. 

Amorphous ferric 
hydroxide 

0.4x104-3x104 in 0.01 M 

O.5x1O6-2x1O6 in 0.01 M NaCl 
462,200 

NaHCO3 
U conc., T, pH, 
solution 
composition 
pH, T, solution 
composition, 
contact time 
Based on lit. 
review 
Based on lit. 
review 

Bell and Bates, 1988 Used Site borehole water. For low sorptive soils, & doubled when T increased S'C. 
Kds showed maxima near pH 6 and IO for sand and clays. 

Glacial till clay, sand, 
low sorptive coarse 
deposits 
Characteristic 
agricultural soils 
Characteristic of waste 
sites at Savannah 
River Plant, SC 
3 peat soils typical of 
Canadian Precambrian 
Shield 
Wide range of soils; 
see notes 

~ 

Baes and Sharp, 1983 10.5-4,400 pH range 4.5-9. Suggested a default & = 45 mUg for agricultural soils based on 
literature review. 
Give a recommended value of & = 39.8 mug that is specific for Savannah River 
Plant Site. See later work by Serkiz and Johnson (1994). 

Looney et al.. 1987 0.1 - IO6 

Sheppard and Thibault, 
1988 

700-18,600 Soil type In situ and batch analyses. Reducing conditions. & did not vary with porewater 
concentration. 

~~~ ~ ~~ ~ 

Compilation of &s from other sources for soils appropriate for assessing a Canadian 
geologic repository for spent nuclear fuel. 

Thibault et al., 1990 Soil type 0.03-2,200: sand 
0.2-4,500: loam 
4 6 - 4 ~  io5: clay 

PH Low & for Yuma soil attributed to carbonate complexation. Erikson et al., 1993 

~~ ~ 

McKinley and Scholtis, 
1993 

Sorbing 
material 

Reviewed international databases for data appropriate for nuclear waste repositories. 

Used Hanford groundwater. pH = 8.3. Seme et al.. 1993 

Warneke et al., 1986 
Warneke and Hild, 1988 
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Zachara et al.. 1992 

Table TA-3-3. Empirical Kd Values for Uranium at Non-RFETS Location (continued) 

Clay-mineral 
separates from 3 DOA 
sites 

1984,1986,1994; 
Warneke and Hild 1988 

Kaplan and Seme, 1995 

Kaplan et al., 1996 

Kaplan et al., 1998 

Loamy sand from 
Trench 8 at Hanford 
Four different Hanford 
soils 

Carbonate-containing 
sediment from 
Hanford site 

Serkiz and Johnson, 
1994 and 
Johnson et al., 1994 

Lindemeier et al., 1995 

Soils from Savannah 
River site, SC 

<2-mm sediments 
from Trench 8 at 
Hanford 

April 2002 

334 

0.3- 1,400 

17643,700 

1.2-3.4~ 1 d 
pH 3-6.7 

0.5-2.7 

0.08-2.8: pH 8.3 

0.1-3.5 

1.07-2.12 
For pH = 8.17-9.3 1 
(higher apparent &s, >400 
mUg, accompanied ppt above 
pH=10.3) 

Controlled 
Variables ’ 

Fresh and 
saline waters, 
soil type 

pH, soil type, 
ionic strength, 
carbonate 
complexation 

PH 

Degree of 
column 
saturation 

PH 

pH, ionic 
strength, soil 
moisture, 
contact time, 
U conc., soil 
tYPe 
pH, ionic 
strength, 
U conc., soil 
type 

3-101 

pH varied from 6 to 9. 

Glovebox with C02-free atmosphere, used to eliminate effects from complexation of 
U(V1) by dissolved carbonate. 

Field derived & values. & increases from -1.2 at pH pH 3 to a maximum of 
-3 .4~10~  at pH 5.2. 

CEC = 5.2 meq/100g, 87 % sand, 7 % silt, 6 %clay. Groundwater from Site. & 
decreased with less column saturation, from -2 at 100 % saturation to 0.6 at 29 % 
saturation. 
Unsaturated column tests, neutral to high pH, low organic carbon, low ionic strength. 

U(VI) &s increased with increased contact time and with pH between 8 and IO. Ppt 
occurred above pH 10. & increased with moisture content for coarse grained soils, 
but decreased for tine grained soils; attributed to changes in tortuousity and effective 
porosity. was constant for U(V1) concentrations between 3.3-100 pg/L. 

U(V1) adsorption was constant for U conc. between 3.3-100 pg/L and ionic strengths 
up to 14 mM NaC104. Ppt. of U(V1) occurred at pH>10.3 (only if sediment present; 
possibly co-ppt with CaC03), yielding apparent &s > 400 mug. 



Table TA-3-4. Empirical Kd Values for Uranium at RFETS 

Honeyman and 
Santschi, 1997 

903 Pad core isolates 30-170 Soil content, 
depth below 
surface redox 
state [U(VI)]. 

April 2002 
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Notes 

Representative value of K,, = 1 . 5 5 ~ 1 0 ~  for U-234. 
& decreased with depth below surface, probably because of decrease in 
sandclay ratio. 
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Plutonium Empirical & Values 0 I 

A 1990 literature review of Pu & values (Thibault et al., 1990) shows a range over 4 orders of 

magnitude, a result that illustrates the importance of: 

Determining whether the I& approach is even appropriate for modeling Pu at a given site; 

and 

Identifying the site-specific parameters that have a significant influence on &. 

The EPA (1999) has summarized a number of parameters that are known to influence the 

sorption behavior of Pu: 

Because Pu in nature can exist in multiple oxidation states (m, IV, V and VI), the soil redox 

potential will influence the Pu redox state and its adsorption to soils. & data from studies 

where the oxidation state of Pu in solution was not determined or controlled cannot, in 

general, be applied to other investigations; 

In natural systems with organic carbon concentrations exceeding about 10 mg/kg, Pu exists 

mainly in trivalent and tetravalent redox states. If initial Pu concentrations exceed about loe7 

M, the measured & values reflect mainly precipitation reactions and not sorption reactions; 

Sorption data show that the presence of ligands influences Pu sorption onto soils. Increasing 

the concentration of ligands decreases Pu sorption; 

If no complexing ligands are present, Pu sorption increases with increasing pH (between 5.5 

and 9.0); and 

Pu is known to sorb to soil components such as aluminum and iron oxides, hydroxides, 

oxyhydroxides and clay minerals. However, the relationship between the amounts of these 

components in soils and the measured sorption of Pu has not been quantified. 

Studies conducted by Nelson et al. (1987) and Choppin and Morse (1987) indicate that the 

oxidation state of dissolved Pu under natural conditions can depend on the colloidal organic @ 
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carbon content in the system. Additionally, Nelson et al. (1987) also showed that Pu 

precipitation occurred if the solution concentration exceeded lo-’ M. The importance of the Pu 

redox status on adsorption was demonstrated in early studies by Bondietti et al. (1975) who 

reported about 2 orders of magnitude difference in & values between hexavalent (250 mUg) and 

tetravalent (21,000 d g )  Pu species sorbing to montmorillonite. 

Bondietti et al. (1975) also demonstrated that natural dissolved organic matter (fulvic acid) 

reduces Pu from a hexavalent to a tetravalent state, thus potentially affecting Pu adsorption in 

natural systems. Still earlier adsorption experiments also demonstrated that complexation of Pu 

by various ligands significantly influences its adsorption behavior. Increasing concentrations of 

acetate (Rhodes, 1957) and oxalate (Bensen, 1960) ligands resulted in decreasing adsorption of 

Pu. Sorption experiments conducted more recently (Sanchez et al., 1985) indicate that increasing 

concentrations of carbonate ligand also depress the Pu sorption on various mineral surfaces. 

Literature Values for Plutonium EmRirical Ke Values 

Empirical & values for Pu at non-RFETS locations, obtained from a review of available 

literature, are presented in Table TA-3-5. Empirical & values for Pu at the Site, obtained from a 

review of available reports and literature, are presented in Table TA-3-6. 

Summaw of Plutonium EmRirical Kd Values 

Table TA-3-6 lists reported values for empirical Pu &s measured at RFETS. Data related to 

soil, wells and seeps from around the 903 Pad area indicate a range for & of about lo4 to 3x105 

mUg. &s from pond sediments, pond discharges, storm runoff and OU3 are more variable but 

are mainly grouped in the same range. Pu & values measured at RFETS lie well within the 

range of world-wide &s presented in Table TA-3-5 and are more narrowly distributed, reflecting 

a more restricted range of significant environmental variables. 

&s greater than lo3 mUg indicate immobilized Pu and support the conclusion that subsurface 

transport from the 903 Pad area and other RFETS locations should be a negligible pathway for 

actinide transport. Recent measurements by Litaor and Ibrahim (1996), Neu et al. (1999) and 0 
April 2002 3-104 



Actinide Migration Evaluation Pathway Analysis Repon Technical Appendix 

Classification Exemption CEX-105-01 

Runde et al. (2000) support many earlier studies indicating that Pu at RFETS is almost entirely 
e 

present as Pu02, generally accepted to be immobile in the subsurface except for potential 

colloid-facilitated movement. 

The studies at RFETS to the date of this report suggest that a conservative empirical & for Pu at 

RFETS would lie in the lo4 to lo5 mUg range. However, since these same studies indicate that 

Pu movement occurs by water and wind erosion mechanisms and is not influenced significantly 

by mechanisms involving sorption of dissolved species, & is not an appropriate parameter for 

use in transport modeling. 

3381 
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Table TA-3-5. Empirical Kd Values for PIutonium-239/240 at Non-RFETS Locations 

Reference 
a, ~- 

Dahlman et al., 
1976 
Rodgers, 1976 

Glover et al.. 1976 

Relyea and 
Brown, 1978 

Nelson and 
Lovett. 1978 
Nelson et al., 1987 

Lohtionl 
Substrate 

Miami silt loam 
clav 
Clay and silt 
fractions from 
DOE’S Mound 
Facility, Ohio 
Soils from 9 sites 
in USA, including 
7 DOE sites. 

Sand (Fuquay 
from SC), loamy 
sand (Burbank 
from WA), silt 
loam (Muscatine 
from IL) 
Irish Sea 
sediments 
Lake and oceanic 
particulates 

& Range 
-_ (mug) . -  

3x 10’: Pu(1V) 

50-1.7~10’ 

35-1 .4x104 
(Using only lower Pu 
concentration of 2 .4~10-~  mg/L to 
limit precipitation, range was 
5-3. Ix IO’.) 

316 (sand), 6x104 (loamy sand), 
8x104 (silt loam) 

3.4x1OS-6x1O6: Pu(III+ IV) 
6x1O3-2.8x1O4: Pu(V + VI) 
3x10’4~10~: lake sediments 

lxlOs- 4x16: ocean sediments 

Controlled I 
Variables 

Notes 

Pu(V1) was reduced to Pu(IV) on sorption. 
Oxid* I 

PH Soil was glacial till. Highest & at pH = 5 to 6. 

pH, pore 
water 

properties, 
soil texture 

Properties measured were: conductivity, pH and soluble carbonate in 
soil extracts, inorganic and organic carbon content, CEC and soil texture 
(wt. % of sand, silt and clay). Soil textures varied from clay to fine sand. 
Most significant soil variables for predicting & values were 
concentration of dissolved carbonate in soil extracts, clay and sand 
content and CEC. EPA (1999, Vol. 11, Appendix G) used concentration 
of dissolved carbonate in soil extracts and % clay as the 2 most 
important variables to develop a parametric & equation with R2 = 
0.9730. 

EDTA, 
DTPA, oxid. 

state 

With chelating agent EDTA at IO’ M: 
120 (sand), 94.5 (loamy sand), 338 (silt loam) 
With chelatin? agent DTPA at 10‘’ M: 
0.12 (sand), 1.06 (loamy sand), 0.24 (silt loam) 

Oxid. state Pu on sediments was in reduced state. Pu in interstitial water was mostly I reduced. 
TDS, 

colloidal org. 
carbon, oxid. 

state 

~ ~~ ~~ 

In sea water, Pu oxidized states (V, VI) have K,, - 2.5~10’; reduced 
states (111, IV) have & - 2 .8~10~ .  & fell from around 10s-106 at 0.1 
mgiL colloidal organic carbon to around 103-104 at 100 m a  colloidal 
organic carbon. 
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Barney, 1992 
. 

Table TA-3-5. Empirical Kd Values for Plutonium-239/240 at Non-RFETS Locations (continued) 

Shallow sediment 
from Hanford site 

Edgington, 1981 Freshwater and 
marine sites 
around the world 

Bell and Bates, 
1988 

Nelson et al., 1987 Lake and oceanic 
particulates 

Clay to sand 
range from 
Sellafield and 
Driggs sites, 
England 

marine sites 
around the world 

attapulgite 

Basalt from I Hanford site 
Barney. 1984 

Penrose et al., 
1990 

~~ 

Soil from 
Mortandand 
Canyon, LQS 
Alamos and Lake 
Michigan 

I April 2002 

3xlO’-4xIOs: lake sediments TDS, 
lx105- 4 ~ 1 0 ~ :  ocean sediments 

carbon, oxid. 
state 

3.2x104-32x104 for Pu(1V) 
100-6.3~10~ for Pu(V1) 

pH = 3.1-7.5, 
oxid. state 

-500 I --- 
2.1 x 10’4 I .6x103: Pu(IV) 
2 . 7 ~  103-4.6x 10’: Pu(V) 
1 x 10’4.6~ IO’: Pu(V1) 

Oxid. state 

32-7.6~ 10’ pH, soil 
texture 

2~ 1 04-2x I o6 : 
3- 107 

In situ measurements. &s within I to 2 orders of magnitude over a wide 
geographical range. 

In sea water, Pu oxidized states (V, VI) have & - 2 .5~10~ ;  reduced 
states (111, IV) ,have & - 2 .8~10~ .  I<d fell from around 105-106 at 0.1 
mg/L colloidal organic carbon to around 103-104 at 100 mg/L colloidal 
organic carbon. 
In situ measurements. &s within 1 to 2 orders of magnitude over a wide 
geographical range. 

High initial conc. of Pu (1.7~10‘~ to 4x1U6 M) of Pu(IV) makes precipitation 
likely, causing high & values. Precipitation occurs for [Pu] > IO-’ M. 

Low value may be from high carbonate (215 mgL) in water 

Pu(V) and Pu(V1) reduced to Pu(IV) when sorbed. 

Maximum sorption at pH - 6. 

~ 

Experiments indicated that Pu was irreversibly associated with colloids. 
Decrease in & with distance from sources suggests that colloids mobile in 
the subsurface were gradually filtered out. Evidence for this is not 
conclusive. 
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Riafemme 
) r *  

I - “  

IAEA, 1991 

Ticknor, 1993 

Table TA-3-5. Empirlcal Kd Values for PIutonium-239/240 at Non-RFETS Locations (continued) 

% 

Lm-tlsril 
Substrate 
Agricultural soils 

Goethite, hematite 

Hursthouse and 
Livens, 1993 

Fisher et al., 1999 

Soil and 
interstitial water 
Surface sediments 
in Arctic waters N 
of Russia 

April 2002 

Controlled 
Variables 

K,j Range 
”(mW- - 

‘i* ”*& 

5 . 5 ~ 1 0 ~  (sand); l.2xlO’ (loam) 
4.9~10’) (clay); 1 . 8 ~ 1 0 ~  (org. soil) 

- -  - 

0. 17x103-1.4x IO’) High TDS, 

8x104-1.5x105 

3-108 

I Notes 

Selected representative & values. 

pH = 7.5 

I 
In situ. Values are about the same as for temperate seawaters. 



8 . 2 ~  10’- 1 . 9 ~  10’ 
(Calc. by Chroma 1999 from 
Harnish data.) 

suspended 
sediment 
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Table TA-3-6. Empirical Kd Values for PIutonium-239/240 at RFETS 

p H = 6  Jakubic, 1976 Partially saturated 
loamv soil 

Cleveland et al., 
1976 

Pond sediments Samples not filtered, but centrifuged. Thus, &s includes suspended 
sediments with the aqueous phase and represents lower bounds. 

0.36~10’ - 2.4~10’ 
p H 6 - 8  

Harnish et al., 
1996 

~~ 

65 % of Pu in aqueous phase was colloidal. Filtered at 0.45 pm and 10,000 
daltons; high &s are for 10,000 daltons filtrate due to removal of colloids. 
Data seems to be at upper bound for empirical &s for groundwater. 

Water from Well 
1587 and seeps 
SW51 and 
SWSW53 at 903 
Pad area 

OU3 0.4-8.7~ IO6 I Representative value of & = 4.5~10’. DOE, 1996 
Litaor et al., 1998 I 2 . 1 ~ 1 0 ~  - 3 . 1 ~ 1 6  In situ. Soil pits E of 903 

Pad at 0-20 cm 
Surface soil from 
903 Pad area 

Surface soil from 
903 Pad area 

9.8x103-1.4x105 Pu conc. t 2 . 2 ~ 1 0 ~ 4 3 ~ 1 0 ~  

Honeyman, 1997 0.45 pm filtrate 

Honeyman, 1998 Extracted with KN03 to determine “exchangeable” Pu; 0.45 pm filtrate; &s 
are lower bound because of high ionic strength of extracting solution. 

Honeyman, 1999 Surface soil from 
903 Pad area I Eh 

5 .Ox 1 04-2. 8x 1 O4 E,, varied between +800 mV and -90 mV; &s higher at lower E”. 

Santschi et al., 
1999 

Pond Discharge 
(Walnut Creek) 

1 . 7 ~ 1 0 ~  (R,) 
~ ~~ 

Used phase partitioning coefficient, R,, instead of &, because of colloid 
separation. 

1 . 7 ~ 1 0 ~  (R,) 

4.1~10’ (R,) 

activity concentration in particles2 0.5 pm 
D -  ~~ ’., - 

activity concentration in phases passing a 0.5 pm filter 

Measured colloid fraction. 

Santschi et al., 
1999 

Storm Runoff 
(GSIO) 

4.1~10’ (R,) Ditto 

3-109 
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Americium Empirical & Values 

Literature Values for Americium Empirical K& 

Empirical & values for Am at non-RFETS locations, obtained from a review of available 

literature, are presented in Table TA-3-7. Empirical & values for Am at the Site, obtained from 

a review of available reports and literature, are presented in Table TA-3-8. 

Summarv of Americium Empirical K, values. 

Table TA-3-8 includes all the reported values found so far for empirical Am &s measured at 

RFETS. The & values are generally similar to that for Pu, but extend to lower and higher 

values. Because the data set is small, the significance of high and low extremes is unknown. 

The studies at RFETS to the date of this report suggest that a conservative empirical & for Am 

at RFETS would lie in the lo2 to lo3 mUg range. As with Pu, these same studies indicate that 

Am movement occurs by water and wind erosion mechanisms and is not influenced significantly 

by mechanisms involving sorption of dissolved species. Therefore, & is not an appropriate 

parameter for use in Am transport modeling. 
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- _. - -  
& Range 

b' (mug) 
Reference Location/ 

Substrate ' 

Routson et a\. 1975 Eastern > 1 . 2 ~ 1 0 ~  
Washington 

Table TA-3-7. Empirical K d  Values for Am-241 at Non-RFETS Locations 

Contiolled- 
Variables 

Ca, Na 

Soils from 9 
RCRA sites 
in USA 

~ 

Glover et al. 1976 82-1.0~10~ 

IAEA 1991 

Penrose et al. 1990 

Michigan 
Agricultural 2 . 0 ~ 1 0 ~  (sand); 9 . 9 ~ 1 0 ~  (loam); 
soils 8 . 1 ~ 1 0 ~  (clay); 1 . 1 ~ 1 0 ~  (org. soil) 

Soil from 
Mortandand 
Canyon, Los 
Alamos and 
Lake 

_____ 

Hursthouse and Livens 
1993 

pH, pore 
water 
properties, 
soil texture 

1 lx10s-39x10s 
Soil and 
interstitial 
water 

DOC 

Fisher et al. 1999 Surface 
sediments in 
Arctic 
waters north 
of Russia 

.. . 

.$<. 

Not afiected by cation concentrations. 

Properties measured were: conductivity, pH and soluble carbonate in soil 
extracts, inorganic and organic carbon content, CEC and soil texture (wt. % 
of sand, silt and clay). Soil textures varied from clay to fine sand. Most 
significant soil variables for predicting & values were concentration of 
dissolved carbonate in soil extracts, clay and sand content and CEC. 
Experiments indicated that Am was irreversibly associated with colloids. 
Decrease in K,, with distance from sources suggests that mobile colloids 
were gradually filtered out. 

~~~~ 

Selected representative & values. 

In situ. Values are about the same as for temperate sea waters. 
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Table TA-3-8. Empirical Kd Values for Am-241 at RFETS 

Controlled 
VaTiables 

~~ 

Notes & RSnge 
e " I t (@ug) " 

0 .21~10~  - 2 . 0 ~ 1 0 ~  
p H 6 - 8  

Cleveland et al. 1976 Pond 
sediments 

Samples not filtered but centrifuged. Thus, &s includes suspended 
sediments with the aqueous phase and represents lower bounds. equil. time 

OU3 0-4.7~10~ Representative value of I?, = 700. DOE 1996 
Litaor et al. 1998 

--- 
Soil pits E 
of 903 Pad 
at 0-20 cm 

I .4x IOS-3.0x 10' _-- In situ. 

Honeyman 1999 2.3x104-1.5x108 Eh Eh varied between +800 mV and -90 mv;  no correiation of I?,s with Eh 
because Am(1II) was the only state present. 

Surface soil 
from 903 
Pad area 
Pond 
Discharge 
(Walnut 
Creek) 

Santschi et a]. 1999 --- 7.9~10' (R,) Used phase partitioning coefficient, R,, instead of I?,, because of colloid 
separation. Measured colloid fraction. 

activity concentration in particles 2 0.5 prn 

activity concentration in phases passing a 0.5 prn filter 
R, = 

Ditto Storm 
Runoff 
(GSIO) 

7.9~ IO3 (Rp) Santschi et al. 1999 
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TA - 3.8.4 Recommendation on the Use of Empirical & values at RFETS. 

Uranium 

The data compiled from the literature and from the AME studies are consistent with our 

expectations of U chemical behavior in the RFETS environment. The data indicate that U from 

both natural and anthropogenic sources can form soluble complexes and move in the RFETS 

environment. Therefore, U has a significant probability of aqueous dissolved transport and 

dissolved species transport calculations that employ a & approach may be useful for risk 

assessment of U contamination at the Site. A thorough understanding of the U geochemistry, the 

U source-tern and the overall water balance at the Site are of great importance with respect to 

such U transport calculations. In view of the relatively high natural background of U, it seems 

likely data concerning the historical distribution of natural U at RFETS might be useful for 

predicting the movement of anthropogenic U, since U from RFETS sources will be subject to 

similar conditions of geochemistry and dispersal mechanisms as background U. 

For U therefore, both the application of & models for risk assessment and the application of 

more sophisticated geochemical models are useful and scientifically defensible. The U & data 

for the Site are extremely limited and span a range from 30 to 1000 mUg. Recognizing that the 

bounding minimum & approach has become standard in the modeling of radionuclide transport 

(Meijer 1992), this range of K,-J values seems to be a conservative range in the absence of more 

definitive Site-specific date. 

Plutonium and Americium 

The data compiled from the literature and from the AME studies are consistent with our 

expectations of Pu and Am chemical behavior in the environment. The data indicate that Pu and 

Am in RFETS surface waters have extremely low concentrations, in the femtomolar ( 

range, similar to global fallout. Site-specific studies at RFETS indicate that reducing conditions 

do not remobilize Pu or Am and that the bulk of Pu and Am is associated with small (c2 pm) 

colloidal particles that readily settle in pond water. Moreover, the PdAm ratio remains 

M) 
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relatively constant throughout the Site, indicating that these two elements have not segregated as 

a result of chemical reactions. These results are consistent with the known chemical behavior of 

Pu(IV) and Am@). Extended X-ray Absorption Fine Structure (EXAFS) studies show 

unambiguously that Pu in soils taken from the 903 Pad is in oxidation state IV, in the chemical 

form (speciation) of insoluble Pu02. The identification of Pu(IV) in the chemical form of Pu02 

is consistent with the observed insolubility of Pu in RFETS surface waters. Furthermore, the 

data clearly indicate that physical (particulate and/or colloid) transport is the dominant 

mechanism for Pu and Am migration at RFETS. The observed environmental behavior of Pu 

and Am at RFETS, coupled with an understanding of the boundary conditions under which a & 
value may be applied, clearly indicates that transport models based on the & approach (which 

assumes dissolved Pu and Am species) are inappropriate and not scientifically defensible. 

Therefore, no & value for either Pu or Am is recommended. Instead, it is recommended that Pu 

and Am environmental behavior at RFETS be modeled using a particulate or colloid transport 

approach. 
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TA-3.9 BIOGEOCHEMISTRY 

TA - 3.9.1 

In general, actinides will participate in sorptioddesorption reactions with the minerals on the 

surface of the matrix; and microorganisms can affect this interaction several ways, as can be seen 

in Figure TA-3-16. 

Figure TA-3-76. Radionuclide Transport: Interactions with Microorganisms 

Microbial Effects on Actinide Transport in the Environment 

Radionuclide Transport: Interactions with Microorganisms , 
Radionuclides in solutiodsuspension 

fomplexed/] [ solution in ] [radio- colloids ] [ solution in 3 colloids to] \ 
chelated 

Interactions between radionuclides in solutionkuspension and indigenous microorganisms, where: (a) adsorbed 
radionuclides are complexedlchelated; @) dissolution occurs; (c) radionuclides are sorbed by microorganisms; (d) 
various redox reactions result in solubilization or precipitation; (e and n) agglomeration of colloids; dissolution of 
(f) radiocolloids or (i) radionuclides attached to colloids, leading to (g and m) solubilization, (h and 1) sorption, or (i 
and k) adsomtiodmxioitation. 

It is important to stress that some or all of these processes are occumng currently at RFETS, as is 

true at all actinide contaminated locations. Suffice to say, microorganisms and actinides, present 

in the same environment, will interact. Briefly then, the categories in Figure TA-3-16 are 

discussed in the following section. 
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,Basic 
-NH, (amino) 

Complexatiodchelation (a). A very important interaction between soluble radionuclides and 

microorganisms is complexatiodchelation. A radionuclide complexed or chelated to an organic 

ligand would not participate in sorptioddesorption reactions as readily as an uncomplexed metal 

and would, therefore, have a higher transport rate. Microorganisms produce a myriad of 

extracellular compounds, containing a variety of functional groups that complex strongly with 

metals (Table TA-3-9). 

Acidic 
-C02H (carboxylic) 

Table TA-3-9. Functional Groups and Complexing Compounds Produced by 
Microorganisms 

(Adapted from Birch and Bachofen, 1990) 

=NH (imino) 
-N= (tert. Acyclic or Heterocyclic nitrogen) 

=CO (carbonyl) 

-S03H (sulphonic) 
-PO(OHh (phosphonic) 
-OH (enolic, phenolic) 

~ ~~~ 

-0- (ether) 
-OH (alcohol) 
-S- (thioether) 

=N-OH (oxime) 
-SH (phioenolic & thiophenolic) 

-PR2 (substituted phosphine) 
-AsR, (substituted arsine) - e\---- - - -  - - , I 

Complexing Compounds Produced by Microorganisms 
Tricarboxylic acids Humic acids 

Catachol Fulvic acids 

Hvdroxamate 
~~~~ ~ ~ 

Organic Acids (e.g., oxalate, salicylate, acetate, 
lactate, pyruvate, citrate and polypeptides) 

Uncharacterized, low molecular weight anions, 
ions and organic ligands 

When a compound attaches to a metal with two or more functional groups, forming a ring 

structure, then this complexation is called chelation (from the Greek "chele" meaning lobster' 

claws) (Birch, 1990; Dwyer, 1964). In soil systems Birch and Bachofen described two groups of 

microbial compounds which are considered complexing agents: 
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By-products of microbial metabolism and degradation, such as simple organic 

compounds (low molecular weight organic acids and alcohols) and macromolecular 

humic and fulvic acids; and 

Microbial exudates induced by metals ions. These include iron binding siderophores 

produced in response to low iron concentrations and toxic-metal binding proteins. 

By-products of Microbial Metabolism. Francis found low molecular organic acids and alcohols 

in the leachate from shallow land burial sites of radionuclides (Francis, 1982). As a rule, the 

original organic materials present will dictate the types of organic compounds, which will be 

produced by microorganisms. Although various organic acids released by microorganisms have 

been investigated for metal complexation ability, it is difficult to evaluate the complexation 

capabilities of the metabolic products, as their production is dependent on environmental 

conditions. The degree of relative metabolic activity in the vadose zone will determine the 

amount of small molecular weight complexing agents. 

The metal binding effects of large macromolecular humates (collectively humic and fulvic acids) 

is well documented in the literature. The following is a brief example of their interactions with 

metals: 

Humates alter the adsorption onto particulates bioavailability and toxicity of some heavy 

metals (Davis, 1978 Giesy, 1977); 

Humates also reduce the radionuclides Np(V), Pu(V) and Pu(V1) and(Nash, 1981 

Bondietti, 1976); and 

Humates can solubilize Am-241 and Th (Sibley, 1984; Miekeley, 1987; Nash, 1980). 

With organic matter present in the RFETS soils, one would anticipate organic matterlactinide 

interactions. 

Microbial Exudates - Siderophores. Microorganisms, as do all life forms, have an essential 

requirement for Fe (a small group of homolactic fermenting bacteria, the lactic streptococci, are @ 
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the only exception). Fe is used for DNA synthesis, electron transfer proteins and nitrogen 

fixation. However, iron suffers from an extreme insolubility in aerobic environments at 

physiological pH; consequently, aerobic and facultative anaerobic microorganisms have 

developed a high affinity system for Fe(III) acquisition. In 1981 Neilands stated that 

"Siderophores are viewed as the evolutionary response to the appearance of 0 2  in the 

atmosphere, the concomitant oxidation of Fe(II) to Fe(III) and the precipitation of the latter as 

ferric hydroxide, Ks = (Neilands, 1981). 

Siderophores are low molecular mass, ferric-specific ligands that are induced at low iron 

concentrations for the purpose of biological assimilation of Fe(III). Over 200 siderophores have 

been isolated, of which several score have been fully characterized, with most being classified 

chemically as either catechols or h ydroxamates. Siderophores have a very strong binding affinity 

for Fe(m), with complex formation constants in the range of 10 or higher (Gadd, 1990). An 

effective ligand of Fe(III) chelation has a molecular mass of 500 to 1000 Daltons; however, such 

a molecular size exceeds the free diffusion limit of the outer membrane of microorganisms. In 

order to compensate, microorganisms have specialized surface proteins (receptors) and 

associated internal enzymes and proteins that transport the siderophore-Fe(m) complex to the 

sites of physiological utilization (Inouye, 1979). 

The most common siderophores contain the hydroxamic acid functional group, -R-CO-N(0H)- 

R', which forms a five membered chelate ring with F e w  through the two oxygen atoms, with 

the hydroxyl proton being displaced. Frequently three hydroxamate groups are found on a single 

siderophore molecule and thus supply six oxygen ligands to satisfy the preferred hexacoordinate 

octahedral geometry of Few) .  Other bidentate ligand moieties (e.g., catechol, a-hydroxy acid, 

2-(2-hydroxyphenyl)-oxazoline and a fluorescent chromophore) also are found in siderophores 

(Bossier, 1988). Like the hydroxamates, catechols can occur in triplicate as the only unit in a 

siderophore molecule (e.g., the siderophore enterobactin). It is also common to find 

siderophores that contain a mixture of functional moieties, such as pseudobactin, which contains 

a hydroxamate, an a-hydroxy acid and a fluorescent chromophore. 
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Although the common characteristic of all siderophores is that they are virtually ferric specific, 

with some reported to have 1:l complex formation constants with Fe(III) that exceed 10, 

Neilands and Raymond et a1 believe that because Fe(III) and Pu(IV) are similar in their 

chargehonic radus ratio (4.6 and 4.2, respectively), Pu(IV) and other (N) actinides may serve as 

analogs to F e w )  and could therefore be chelated by siderophores (Neilands, 1981; Raymond et 

al., 1984). Indeed Hersman et al. reported that a siderophore purified from a Pseudomonas sp. 

formed complexes with Pu-239(IV) (Hersman, 1993). Additionally, the same siderophore was 

found to increase, significantly, the transport of Fe(III) through an unsaturated column of 

crushed tuff (Story, 1996). Transport of Fe-DFO resulted in fractional Fe recoveries of up to 27 

% with a peak concentration occumng at 1.9 to 2.3 effective pore volumes, which agreed with 

the retardation factor predicted from batch sorption experiments (Figure TA-3- 17). Conversely, 

the unchelated Fe transport in the absence of DFB resulted in extremely low equilibrium 

concentrations and low recoveries of Fe (1.9 %). 

Figure TA-3-17. DFB Chelated Iron (Fedes) and Non-Chelated /ronfFe) 
Unsaturated Transport through Crushed Tuff 
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It is possible that radionuclides could be transported in the environment via the siderophoreliron 

transport system. Thus, it is assumed that microbially produced siderophores such as desferal 

can increase drastically mobile concentrations of Fe in solution. 
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Complexatiodchelation would increase the amount of radionuclides in solution, thereby 

increasing their availability for transport. 

Biodegradation of complexing agents (reverse of a). The microbial metabolites and naturally- 

occurring organics that can compledchelate radionuclides were dscussed earlier. 

Complexedchelated radionuclides would therefore be transported to a new region of the vadose 

zone and would become subject to microbial degradation. All of the microbial metabolites that 

compledchelate radionuclides are subject to microbial degradation, particularly in an 

environment of limited nutrients. Low molecular weight organic acids, alcohols and 

siderophores could all serve as nutrients for indigenous microbial populations. Unfortunately 

there have been relatively few studies on the degradation of ligands complexed to radionuclides. 

Francis and Dodge have investigated the biodegradation of iron-citrate complexes (Francis, 

1993). They found that the rates of degradation varied, depending on the structure of the 

complex formed between the metal and the citric acid. For example, when ferric iron formed a 

bidentate complex with citric acid, the complex was degraded rapidly. However, when ferrous 

iron formed a tridentate complex with citrate, biodegradation did not occur until it underwent 

oxidation and hydrolysis conversion to a ferric citrate tridentate complex. 

Generally, the biodegradation of metal complexing agents may result in precipitation of the 

released ion as water insoluble hydroxides, oxides or salts, thus retarding transport (Figure TA- 

3-16). The stability of natural1 y-occurring and microbially-synthesized radionuclide complexing 

agents is critical for understanding the mobility of radionuclides in a natural environment 

(Francis, 1990). 

Dissolution (b). Microbial-enhanced dissolution reactions will affect the stability of 

radionuclides in radiocolloids and radionuclides attached (either sorbed or precipitated) to 

natural colloidal particles, to the matrix surface or to the surfaces of microorganisms. 

As discussed earlier, there is a chemical similarity between Fe(III) and the (IV) actinide metals. 

Secondly, when analyzing well water Harnish et al (Harnish, 1994) documented that 65 % of Pu- 
239 and Pu-240 was associated with particulate and largest colloidal fractions. Further analysis 

revealed that the particulate and colloidal phases contained Fe oxyhydroxides and clay minerals, 
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both of which serve as Fe sources for microorganisms. Thus, to better understand how 

microorganisms can affect the solubility of radionuclides, it is useful, therefore, to review the 

dissolution of Fe oxides. For the Fe oxides there are three general categories of dissolution: 1) 

proton promoted, 2) ligand-promoted and 3) reductive dissolution. For each of these, the first 

step involves the formation of a surface complex by fast adsorption of protons, ligands, electron 

donors or a combination of these. This leads to a polarizing and thereby a weakening of the Fe- 

0 bond and then to the detachment of the Fe atom into solution. In dissolving a Fe(III)(hydr) 

oxide complex the coordinative environment of Fe(III) changes. The Fe(IlI) in the crystalline 

structure replaces its 02- or OH- by water or another ligand. In reductive dissolution, it also 

changes its oxidation state to Fe(II) (Stumm, 1992). 

Microorganisms are known to participate in dissolution processes. Due to the similarities 

between Fe and Mn and radionuclides, there is mounting evidence that microorganisms affect the 

dissolution rates of radionuclides. The long-term adsorptiodprecipitation of radionuclides on the 

surface of the rock matrix or the stability of radiocolloids would be affected by microorganisms. 

Therefore, the overall result of enhanced dissolution is difficult to predict. On one hand, a 

portion of the radionuclides removed from the surface of the rock matrix would be in solution 

and therefore available to be complexed or chelated by microbial metabolites (another portion 

would precipitate onto or be reabsorbed by the matrix), thereby increasing the migration rate of 

radionuclides. Alternatively, the removal of adsorbedprecipitated radionuclides from the 

surface of natural colloids or the dissolution of radiocolloids, both of which have the potential to 

be very mobile, would have a net negative affect on the transport rate; because, before 

dissolution all of the colloidal radionuclides were potentially mobile,. whereas after dissolution 

only the complexedchelated portion would remain in solution. 

Microbial sorption, accumulation and bioprecipitation (c, h and 1). Bioaccumulation, 

precipitation, biosorption and mineral formation are essential processes involved in actinide 

immobilization and metals in general (Francis, 1998; Ledin, 2000). In general, bioaccumulation 

is an active process whereby metals are accumulated internally in living cells through 

complexation with metal-binding metabolites or by precipitation. Biosorption is a chemical 
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process where the cell surface binds metals by ligand interaction or by ion exchange. Finally, 

microorganisms also catalyze both the precipitation of metals and secondary mineral formation. 

Metal biosorptiorhioaccumulation by microorganisms has been discussed extensively in the 

literature (see Beveridge and Doyle; Macaskie et al.; and Fowle et al. and references therein) 

(Beveridge, 1989; Macaskie, 2000; Fowle, 2000). Relative to their effects on actinide transport, 

the attached microbial population would occupy a percentage of the total matrix surface area, 

with both cells and exopolymers. This combination of cells and exopolymers would have 

different sorption characteristics than the bare surface of the matrix. The outer cellular 

membrane of microorganisms has a net negative charge and generally is regarded as being active 

in binding heavy metal cations. For gram positive bacteria, carboxyl groups of the glutamic acid 

of peptidoglycan is a major site of metal deposition, as are teichoic and teichuronic acids. Gram 
negative bacteria tend to collect metals at the polar head groups of the constituent membrane 

bilayers of the envelope or along the peptidoglycan layer between the bilayers in the periplasmic 

space (Gadd, 1990). Likewise, the carboxyl residues in exopolysaccharides and the uronic acids 

in extracellular capsules serve as electron donor groups that form bonds with metals, are very 

efficient metal binding agents and are of major importance in metal removal from solution 

(Geesey, 1981). Finally, Macaskie et a1 has detailed the accumulation of uranyl ion via 

precipitation with phosphate ligand liberated by phosphatase activity Wacaskie, 2000). 

Microorganisms sorb a variety of metals as a way of protection against the metals’ toxic effects. 

Generally, metals are only toxic when they have activity as ions. By removing metals from 

solution, microorganisms reduce the activity of a metal, thereby reducing its toxicity. The 

simplest mechanism used by microorganisms is to deposit metals on its outer surface. The 

binding of the metal to the outer surface is specific; the charge, ionic radius and coordination 

geometry are the predominant factors. The deposition of the metal is facilitated by the activities 

of membrane-associated sulfate-reductases or through the biosynthesis of oxidizing agents such 

as oxygen or hydrogen peroxide. By depositing metals, internally or externally, microorganisms 

are not only protecting themselves from the toxic effects of the metal ions but are also, in effect, 

concentrating the metal on the matrix surface to an extent greater than would be done by the 

matrix alone. 
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Overall, one would anticipate that biosorptiodbioaccumulation by those microorganisms 
0 

attached to mineral surfaces would decrease the aqueous phase concentration of actinides, 

thereby reducing actinide transport. However, sorption by unattached microorganisms (either in 

soils, in surface or ground waters) would increase actinide mobility, due to the mobility of these 

microorganisms. 

Redox reactions (d). Radionuclide speciation, which includes 1) the identification of the 

radionuclide, 2) its oxidation state and 3) the formula and molecular structure of the ionic andor 

solid complex (i.e., the stoichiometry and structure of the metal ion as complexed by ions andor 

ligands), is fundamentally important to the determination of radionuclide solubility (Clark, 

1994). Hence, the solubility of a radionuclide is related to its oxidation state. For example, 

Pu(IV) is the least soluble oxidation state for all the Pu valences and U(III) is less soluble than 

the more oxidized states of U. If microorganisms affect the redox chemistry of radionuclides, 

they would also affect the solubility of the radionuclides. 

An enormous area of research, rich in publications, is metal redox reactions that are medated by 

microorganisms. The cycling of metals in the geosphere by microorganisms is the foundation 

for the disciplines of Biogeochemistry and Geomicrobiology. Microorganisms are able to both 

directly and indirectly affect redox changes in metals (Erlich, 1990; Nealson, 1983; Nealson, 

1993). Examples of direct effects are: 

the oxidation of a metal as a source of energy and electrons; and 

the use of a metal as a terminal electron acceptor for respiration, thereby reducing the metal. 

Examples of indirect effects are: 

the non specific oxidation of metals at the outer surface of the bacterial envelope; and 

reductions of secondary metals caused by the presence of a microbially reduced primary 

metal, such as the reduction of Fe(III) to Fe(II) via respiration and the subsequent 

reduction of surrounding metals by Fe(II). 
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Pedersen and Karlsson presented an excellent review of specific microbially mediated metal 

redox reactions, where they discuss the oxidation of 'iron, manganese, hydrogen, ammonia, sulfur 

and carbon; and, the reduction of iron, manganese, nitrate, sulfate and carbon (Pedersen, 1995). 

Although these dlscussions and others common in the literature provide mainly circumstantial 

evidence, there is some evidence of microbial involvement in radionuclide redox reactions. 

Although direct reduction was not confirmed, their results implicate the involvement of metal 

reducing bacteria in the reduction of a radionuclide. 

It is less likely that microorganisms could derive energy directly from the oxidation of 

radionuclides, particularly at neutral pH. However, indirect oxidation of radionuclides by 

microorganisms is very probable, given the reactive nature of the cell wall's surface. Metal 

oxides, such as Fe oxides, are readily deposited on the surfaces of several microbial species, 

most notably sheathed bacteria. Although the evidence for enzymatic oxidation is equivocal, it is 

recognized that these bacteria do accumulate large amounts of Fe oxides (Erlich, 1990). 

Perhaps the indirect mechanism with the most potential for affecting the redox state of 

radlonuclides is the effects of microbially produced oxidized or reduced metals. For example, 

Mn(III), an intermediate in the microbial reduction of Mn(IV) to Mn(II) or in the microbial 

oxidation of Mn(II) is a strong oxidant (having a reduction potential close to molecular oxygen). 

Several studies have discussed the potential importance of dissolved Mn(III) as an environmental 

oxidant in marine and freshwater sediments(Burdige, 1993; Davidson, 1993; Luther, 1994; 

Kosta, 1995). The inter relatedness of Mn and Fe as environmental redox mediators has been 

discussed in detail by Nealson and Myers (Nealson, 1992). The oxidized and reduced state of 

these metals, as a function of biological activity, affect the oxidation state of each other and other 

metals in the surrounding environment. 

Because the effect of redox on solubility varies with each radionuclide, the overall effect of 

microbially mediated redox reaction would have varying effects on radionuclide solubility. 

Colloidal agglomeration (e and n). Colloidal dispersion has long been implicated as a means 

of transporting radionuclides through soil and rock systems (Sposito, 1989). In fact much of the 

mobile Pu inventory at RFETS is believed to be colloidal in nature varnish, 1994). When a 
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irreversibly attached to a colloid, these radionuclides are unable to participate in 

sorptioddesorption reactions with the soil or rock matrix. As a consequence, radionuclides can 

potentially move at an accelerated rate with the colloids through the soil or rock matrix. If, 

however, colloids become attached to one another to form agglomerates, then the colloids would 

no longer be available to participate in colloidal dispersion processes because their increased size 

would exclude them from movement through the small pores or because their increase in size 

would result in an accelerated sedimentation rate. Obviously, the net result would be an overall 

decrease in the transport of metals and wastes. Hence, increasing colloidal stability 

(agglomeration) at RFETS would reduce actinide transport. Thus, it is import to understand the 

role that microorganisms play in colloidal processes, either as colloids themselves or interacting 

with mineral colloids and pseudocolloids formed during actinide hydrolysis. 

Within the literature there is a substantial body of information regarding the interactions between 

microorganisms and solid surfaces (including colloidal particles) and the affects of microbial 

adhesion to colloids. These interactions include the attraction processes, adhesion, adsorption 

and flocculation. 

Attraction of Bacteria to Solid Surface. Many natural habitats have a low nutrient status, 

therefore solid surfaces are potential sites for concentrating nutrients (as ions and 

macromolecules) and, consequently, for promoting intensified microbial activity. The 

movement of water across a surface provides increased opportunities for microorganisms to 

approach solid-liquid interfaces. In addition, there are many physico-chemical and biological 

attraction mechanisms operative in the immediate vicinity of interfaces: 

Chemotaxis. Mobile bacteria are capable of a chemotactic response to low concentrations of 

nutrients introduced into a normally nutrient-deficient system. Chemotaxis, of course, cannot 

account for the attraction of non-motile bacteria to solid-liquid or other interfaces. 

Brownian motion. Although more of a collision process, Brownian motion (colloidal particles in 

a state of continual random motion caused by the chaotic thermal motion of molecules) can 

cause molecules to collide with each other and with particles suspended in the liquid. 
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a Electrostatic attraction. The interaction of negatively charged surfaces of bacteria with solid 

surfaces probably depends on the properties of the surface in question. Because most surfaces in 

nature are negatively charged, it is unlikely that electrostatic phenomena are involved directly in 

the attraction of bacteria to such surfaces, where electrostatic repulsion would dominate. It 

should be emphasized, however, that solids in natural environments often acquire different 

surface properties through sorption of macromolecular compounds to the surface. Therefore, the 

surface, as ''seen'' by the bacteria, may be very different from the original surface. 

van der. Waals interaction. "This interaction involves weak bonding between polar units, either 

permanent (like OH and C=O) or induced by the presence of neighboring molecules. The 

induced van der Waals interaction is the result of correlation between fluctuating polarizations 

created in the electron configurations of two nearby nonpolar molecules. Although the time- 

averaged polarization induced in each molecule is zero (otherwise it would not be a nonpolar 

molecule), the correlation between the two induced polarizations do not average to zero. These 

correlations produce a net attractive interaction between the two molecules"(Buddemeier, 1988). 

Although the van der Waals interaction between just two molecules is very weak, the van der 

Waals component is additive and strong when many molecules or larger surface areas interact 

a 
simultaneously. .. 

Electrical double layer eflects. When two negatively charged bodies are in close association, 

they may be held close to each other by a connecting bridge of cations in solution, called the 

double layer. The strength of the bonding between the two particles, through the double layer, 

depends on the thickness of the interacting aqueous double layers, which in turn, is dependent on 

the concentration and the valence of the electrolyte (cations). For example, an increase in the 

cation concentration or valence will decrease the double-layer thickness. 

Cell-sur$ace hydrophobicity. The role of hydrophobic interaction has been detailed eloquently 

by Rosenberg and Kjelleberg in their 1986 review (Rosenberg, 1988). Although there are 

exceptions, it is quite reasonable to assume that part or all, of the outer surface of some bacteria 

is hydrophobic. It is, therefore, reasonable to consider that such bacteria are "rejected" from the 

aqueous phase and attracted towards hydrophobic solid surfaces. a 
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I As stated earlier, surfaces are the potential sites of nutrient concentration and consequently of 

increased microbial activity. Adsorption of organic substrates on soils depends on the nature of 

the particulate matter, the organization of the fabric, the clay types, the cationic status of the soils 

and on the concentration and molecular structure of the substrate. Hence, the availability of 

substrates to soil microorganisms may be enhanced or reduced by the presence of particulates. If 

substrates were concentrated at the surface of clay minerals, then these minerals would become 

populated with microorganisms utilizing those substrates, thereby increasing the potential for 

interactions between microorganisms and clay particles. Such interactions often lead to 

formati,on of multiple bacterial, colloidal particle agglomerates, which then result in the removal 

of the colloids from suspension. The first step in this process is adhesion. 

Adhesion. The adhesion of bacteria to inanimate surfaces is widely recognized as having ’ 

enormous ecological significance. Adhesion of microorganisms is involved in certain diseases 

of humans and animals, in dental plaque formation, in industrial processes, in fouling of man- 

made surfaces, in microbial influenced corrosion and in syntrophic and other community 

interactions between microorganisms in natural habitats. Most aquatic bacteria appear to adhere 

to surfaces by means of surface polymers, including lipopolysaccharides, extracellular polymers 

and capsules, pili, fimbriae, flagella and more specialized structures such as appendages and 

prosthecae. Although these surface components play a role in the initial, reversible adhesion, 

they often serve to anchor the bacterium at an interface by polymeric bridging. 

The composition and quantity of bacterial cell surface polymers vary considerably and are 

strongly influenced by growth and environmental conditions. Although extracellular 

polysaccharides have been reported as being responsible for irreversible adhesion, this is not 

always true. For example, Brown and coworkers demonstrated adhesion in mixed, carbon- 

limited populations despite no evidence of extracellular polymer production (Brown, 1977). In 

addition, a nitrogen-limited culture resulted in poor adhesion, although large extracellular 

polymer production was observed. It should always be kept in mind that polymers present 

between the cell and the substratum but not observed in light or scanning electron microscopy 

could be responsible for the adhesion. It appears with respect to inanimate surfaces, there is a 

subtle balance of cell surface components {extracellular polysaccharides or lipopolysaccharides a 
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( L P S ) }  that may reduce or promote (fibriae) adhesion to inanimate surfaces. Jonsson and 

Wadstrom observed that an encapsulated Staphylococcus aureus strain did not bind to 

hydrophobic octyl-Sepharose gel, whereas a noncapsulated variant showed binding capabilities 

(Jonsson, 1982). In fact, polyanionic extracellular carbohydrate material may not be of primary 

concern with the initial adhesion processes, but rather with development of subsequent bacterial 

film(Pringle, 1983). The presence of LPS reduces cell surface hydrophobicity and decreases 

adhesion to the air-water interface of Salmonella typhimurium (Hermansson, 1983). 

Adsorption to Colloidal Particles. The adsorption of colloidal clays to bacterial surfaces has 

been studied by Lahav and Marshall (Lahav, 1962; Marshall, 1969). Lahav suggested that clay 

platelets may be oriented in a number of ways at the bacterial surface, as a consequence of the 

net negative charge on clay platelets and the existence of some positive charges on broken edges 

of platelets (Lahav, 1962). Marshall reported that a species of Rhizobium with a carboxyl type 

ionogenic surface sorb more Na+-illite per cell than do species with a carboxyl-amino ionogenic 

surface(Marshal1, 1969). Using sodium hexametaphosphate (HMP.) to suppress positive charges 

on platelet edges, Marshall” found that the HMP-clay did not sorb to a carboxyl type bacteria, 

whereas a limited amount of this clay sorbed to carboxyl-amino type bacteria. He interpreted 

these results in terms of the electrostatic attraction between the platelets and the bacterial cell 

surfaces. Normal sodium montmorillonite particles sorb in an edge-to-face manner to carboxyl 

type bacterial surfaces, with positive charged edges of the clay attracted to the negative charged 

bacterial surface. Sorption in this manner is prevented by neutralization of positive edge charges 

of the clay by HMP. 

Microbial Enhanced Flocculation. Several processes have been patented for the flocculation of 

clays, particularly clays derived from phosphate benefaction. Microbial polysaccharides from 

such organisms as Pullulana, Xanthomonas, Arthrobacter, Cryptococcus, Hansenula and 

Plectania were found to flocculate finely divided inorganic solids in an aqueous medium (Goren, 

1968). In another application, the use of alkaline-treated microbial nucleoprotein is described for 

flocculating organic and inorganic wastes (Bomstein, 1972). Used in this process were 

nucleoproteins from the microbes Polangium, Myxococcus, Sorangium, Flavobacterium, 

Leuconostoc, Micrococcus and Alcaligenes. Nucleoprotein derived from these organisms was 
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treated with any one of a variety of alkaline compounds, including Ca(OH)2, KOH, NaOH, N H 3 ,  

Na3P04 and quaternary ammonium compounds, which would raise the pH to the point where the 

microbial material would lyse and form a Sol. Flocculation of suspended waste resulted when 

the concentration of alkaline-treated microbial material was present in concentrations of 1 to 500 

parts per million (ppm) (Bomstein, 1972). Floc deterioration can result from biological factors 

as well as physical factors. Synthetic and natural polymers used for flocculation of colloids may 

be subject to degradation by microorganisms, which could result in floc destabilization (Brown, 

1979; Obayashi, 1973). Finally, Hersman has demonstrated that both microbial cells and their 

metabolites enhanced the agglomeration rates of bentonite particles (Hersman, 1986). 

Although the overall results of colloidallradionuclide transport is not completely understood, in 

general microbial mediated colloidal agglomeration will retard the transport of rahonuclides as 

colloids. However, bacteria acting as colloids (e.g., biocolloids) would enhance actinide 

transport. 

Summary of Microbial Effects on Actinide Transport in the Environment a 
The processes presented in Figure TA-3-16 and discussed above, there are numerous potential 

interactions between indigenous microorganisms and actinide metals, some or all being operative 

at contaminated sites. Thus, all transport pathways will include microbial components, 

contributing to either the retardation or mobility of actinides or both simultaneously. This 

participation could range between levels that are below detection to contributions that dominate 

the overall retardation or mobility. Thus, the transport pathways for the actinides present at 

RFETS currently contain a microbial component. 

Furthermore, by changing the chemical andor physical constraints of the environment, it is 

possible not only to alter the type of microbial participation (sorption, reduction, etc.) but also to 

alter the percent of the total contribution attributable to microbial activity. It is now widely 

accepted that through directed control of specific microbial metabolic activity, alterations of 

either the retardation or mobility of actinide elements can be effected for specific sites - i.e., the 

basis of bioremediation. While it is beyond the scope of this document to discuss 
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bioremediation, it is important to emphasize that prior to development of a bioremediation 

strategy, it is first essential to fully characterize a candidate site, microbiologically. 

TA - 3.9.2 Microbiological Transformations 

Plutonium 

Biosomtion and Bioaccumulation 

It has been known for some time that microorganisms take up Pu. For example, Giesy and Paine 

demonstrated that Pu was taken up by Aeromonas hydrophila (Giesy, 1977). Later, Hersman 

investigated the sorption of Pu239(IV) by a Pseudomonas sp (Hersman, 1986). Perhaps the most . 

outstanding feature of the data is the strong sorption of the Pu by the bacteria, which 

concentrated Pu239(IV) to nearly 10,000 times greater than did the sterile control (one gram of 

sterile, crushed tuff, 75 to 200 mesh). Sorption onto the cell also appeared to be related to the 

physiological state of the bacteria. On a per-gram, dry-weight basis, the 3 hour culture sorbed 

the most Pu, followed closely by the 6 hour culture. The lowest sorption was. observed for the 12 

hour and 24 hour cultures followed by a slight increase in sorption by the 48 hour culture. Many 

other researchers have also detailed the sorption of radioactive elements by microorganisms 

(Shumate, 1978; Faison, - Treen-Sears, 1984; Wildung, 1982). 

In more recent studies, Francis et al.determined that a mixed culture of halophilic bacteria 

isolated from the Waste Isolation Pilot Plant (WIPP) associated with dissolved actinides as 

follows (calculated as moles cell-'): Th, 

Am, 10-'8-10''9 (Francis, 1998). Variations in accumulation with the cultures were noted and 

differences in association were attributed to the extent of bioaccumulation and biosorption by the 

bacteria, pH, the composition of the brine and the speciation and bioavailability of the actinides. 

U, 10-'5-10-'8; Np, 10-'5-10-'9; Pu, 10-'8-10'21; and 

Other studies confirm biosorption and bioaccumulation of Pu. For example, Gillow et al 

(Gillow, 2000). Demonstrated Pu uptake by Acetobacterium sp. isolated from the Grimsel Test 

Site (GTS) varied from 30 to 145 per gram of Pu mg-' cell dry weight. Finally, Keith-Roach et 

al. (Keith-Roach, 2000). Measured porewater concentrations of Np, PU and Am at a salt march 

in west Cumbria, UK. Changes in Pu and Am concentrations between April and September were 
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~ 0 ~ ~ '  + 2e- = uo2(s) 
1/2-Mn02(s) + 2H' + e- = 1/2Mn2' + H20 

0.94 
0.64 
-0.22 

-0.27 

a-FeOOH(s) + 3H' + e- = Fe2' + 2H20 

Pu02y(H20)(s) + 4H' + e- = Pu3' + (0 + 2)H20 . 

related to changes in the microbial community and suggest that these elements were taken up in 

' biosorption processes. 

Reduction 

Like iron, the radionuclides are redox active metals, therefore their dissolution should be 

enhanced by redox reactions mediated by microorganisms. Listed in Table TA-3-10 are the 

reduction potentials for several metal oxyhydroxides. 

Table TA-3-70. Reduction Potentials (pH 7, Mn'(aq) = 10-6 M) for Selected Metal 
Oxyh ydroxides 

Because the reduction potentials of hydrous Pu02 and goethite (a-FeOOH) are similar, one 

would suspect that microorganisms capable of reducing goethite may be able to reduce Pu(1V) 

oxyhydroxides (Ksp approx. = 

solubility significantly (Kim, 1989; Morse, 1986). 

to Pu(III) hydroxide (Ksp = 10-22.6), thus increasing its 

Solubilization 

Unfortunately, there are few quantitative discussions in the literature regarding microbially 

mediated dissolution of radionuclides. One notable exception is the recent work of Rusin et al 

musin, 1994). In this experiment, several iron-reducing Bacillus species were observed to 

promote the dissolution of hydrous Pu02. Furthermore, this effect was enhanced by the presence 

of nitrilotriacedic acid (NTA), which was added to the reaction vessels to stabilize the soluble 

Pu(III). Although circumstantial, the authors suggested that the Bacilli reduced Pu(IV) to 

Pu(III), which in turn was complexed and spontaneously oxidized by NTA. Fortunately, Pu(IV)- 

NTA complex remained in solution and could be quantified using liquid scintillation techniques. 
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We have demonstrated modest Pu(OH)4 dissolution by the siderophore DFE (desfenioxamine E) 

compared to EDTA (Neu et al., 1999). Surprisingly, the siderophores desfenioxamine E and B 

@FE and DFB) are 100 times slower than EDTA (0.02 pM/day, reaching only 3-4 Pu in the 

same time, despite having significantly higher solution complex formation constants with Pu(IV) 

(log p DFE = 32; DFB = 30, EDTA = 26). 

Chelation and Comdexation 

As part of the DOEMABIR Program, Neu and Hersman made the following observations 

regardmg the interactions of microbial1 y-produced siderophores, exopolymers and whole cells 

with Pu: 

Siderophores can form complexes with Pu that have similarities to Fe complexes. 

We have determined the complex structure of Pu(IV)-DFE and compared that structure to 

those of DFE and Fern)-DFE (Figure TA-3-18)(Neu et al., 2000a). The Pu(IV)-DFE 

complex is nine coordinate, tricapped trigonal prismatic with the DFE bound in 

approximately one hemisphere and three waters in the other. The conformation is cis-cis, 

the same as Fe(III)-DFE and it has a nearly identical ‘molecular footprint’; 
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r Figure TA-3-18. Structures of DFE Free Ligand and Metal Complexes 

Metal Free DFE Fe(III) DFE Complex Pu(IV) DFE Complex 

(van der Helm and Poling, 1976) (Hossain et al., 1983) (Neu et al., 2000b) 

Desferrioxamine siderophores stabilize the PU(1V) and U(V1). If Pu(III) is mixed 

with DFB or DFE in air, the Pu(IV) complex quickly forms. D E  and DFB also rapidly 

and irreversible reduce Pu(V1) to Pu(V) and eventually to Pu(1V). Up to 12 equivalents 

of Pu(V1) can be reduced to Pu(V) per DFE/DFB instantly, so long as there is greater 

than 1 equivalent DFO per six equivalents Pu. (Under environmental, iron-stwed 

conditions for microorganisms, the concentration of siderophore will generally be greater 

than the concentration of actinide contaminant.) At pH greater than 6, the reduction of 

Pu(V1) directly to Pu(1V) is instantaneous. Aqueous U(IV, V) is instantaneously 

oxidized to U(VI) in the presence of DFO; 

Siderophore - Pu(1V) complexes can be taken up by microorganisms, but U(VI) 
siderophore complexes cannot. Uptake of Pu and U mediated by DFB has been studied 

for the common soil aerobe Microbacterium Jlavescens (JG-9). Microbacterium 

flavescens does not bind or take up U(VI)-DFB or nitrilotriacetic acid (NTA) complexes 

of U(VI), F e w  or Pu(N), but does accumulate Fe(III)-DFB and Pu(IV)-DFB. Pu(IV) 

and Fe(III) accumulation are similar: Only living and metabolically active cells take up 

the metal-DFB complexes. The Fe(III)-DFB and Pu(IV)-DFB complexes mutually a 
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inhibit uptake of the other, indicating that they compete for shared binding sites or uptake 

proteins (Neu, et al., 1999); and 

0 Exopolymers bind significant quantities of U and Pu. The exopolymer produced by B. 

lichenifomis, y-polyglutamic acid (PGA), has been isolated and characterized (Figure 

TA-3-19) and we have investigated the structural, chemical and U(VI) and Pu(N) 

binding properties of PGA. At the highest concentration of metal added, every mg of 

polymer binds 108 pg of Pu of the 156 pg added (70 9% binding efficiency), 20 pg of the 

36 pg Fe(m) added (56 % binding efficiency) and 63 pg of the 246 pg U(V1) added (30 

% binding). These values correspond to 0.30 p o l ,  0.36 pmol and 0.45 pmol of U(VI), 

Fe(lII) and Pu(N), respectively, bound per mg of exopolymer. The F e o  value is in 

excellent agreement with that reported by McLean et a2 (Mclean, 1990). The metal 

binding strength of the polymer was estimated by competition experiments. When tiron 

or NTA is titrated into the metal PGA complex solution ( p H d  with a ratio of 1: 100 

metal to Glu residue), Fe(III), P u w )  and U(V1) all form metal tiron or NTA complexes, 

suggesting that the actinide polymer complex has a binding constant log Ki e 10. This is 

consistent with the binding strength of other exopolymers, humic and fulvic acids (Lester, 

1995; Chen, 1995; Neu, et al., 1999). 

Figure TA-3-19. Structures of the exopolymers produced by B. licheniformis (let?) 
and R. erythropolis (right, proposed), respectively 
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0 Whole cells can bind more Fe and Actinide than isolated exopolymer. When Fe(III) and e 
Pu(lV) were added to whole cells of B. lichenifomis at pH=6 in saline, greater than 90 % of 

the metal added was bound by the cell and polymer. Only 60 to 75 % of the U(V1) was 

bound by the cell and polymer, this decrease may be due to the structural bindmg constraints 

of the ‘dioxo’ uranyl ion. The amount of metal bound by the whole cells (including 

exopolymer) was much greater on a per mass basis than that of the isolated exopolymer, for 

Pu those amounts were approximately 0.7 mg/mg whole cells vs 0.45 mg/mg exopolymer. 

Americium 

Compared to Pu and U, very little microbial work has been done on Am. It is known that 

microbes biosorb and bioaccumulate Am (Francis, 1998). Bacterial uptake of Am has been 

reported to be primarily sorption onto the cell’s surface; sorption was reversible and was 

dependent upon nutrients, pH, physiological state of the cell and the presence of bacterial 

exometabolites (Wurtz, 1986). 

a Uranium 

A significant amount of information is available on U geomicrobiology, largely because of the 

commercial use of microorganisms to leach this metal from low-grade ores. Also fundamental 

research on microbial abilities to limit the release of U and other metals has become increasingly 

important, from a bioremediation standpoint (for an excellent review of U geomicrobiology see 

Suzuki and Banfield and references therein)(Suzuki, 1999). 

Solubilization 

Garcia Junior investigated a bacterial leaching process to leach U from Brazilian ore deposits 

(Junior, 1993). Under laboratory conditions, 60 % of the U was leached in samples inoculated 

with Thiobacillus ferrooxidans, as compared to 30 % in the uninoculated controls. Francis et al. 

reported that the predominant mechanism of dissolution of U from ores is oxidation (Francis, 

1991). The oxidant Fe(III) is produced from Fe(II) in the ore by T. ferrooxidans, which then 

oxidizes UO2 to UO? (Abdelouas et al. and references therein) (Abdelouas, 1999). 

3-135 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I 05-01 

Reduction 

U reduction has been reported by several investigators, as a mechanism of immobilization (Le, to 

retard a U contaminant plume). Lovley and coworkers and Gorby and Lovley have investigated 

the reduction of U by a variety of bacteria and have demonstrated that dissimilatory iron 

reducing bacteria were also able to obtain energy for growth by electron transport to U(V1) 

(Lovley, 1991; Lovley, 1992; Gorby, 1992; Lovley, 1993). Sulfate reducing bacteria have also 

been shown to reduce U(VI) with rates comparable to iron reducing bacteria (Lovley, 1991). In 

a later study, the importance of cytochrome C3 in the reduction was determined, thereby 

demonstrating that the reduction of U was enzymatic and not indirect (Lovley, 1993). Francis et 

al. have also confirmed enzymatic reduction of U by a Clostridium sp.; and, suggested that direct 

U reduction should occur in the sequence Mn(IV) > U(V1) > Fe(IV) based upon the free energies 

of reduction: -83.4, -63.3 and -27.2 kcal mol-' CH20 for Mn, U and Fe, respectively (Francis, 

1994). 

Tebo and Obraztsova described the first sulfate-reducing bacterium that can grow on U(V1) (and 

other metals) as the sole electron acceptor (Tebo, 1997). It shares properties with both other 

sulfate and metal reducing microorganisms. U(VI) reduction kinetics have been detailed by 

Truex et al. (Truex, 1997). The organism, Shewanella alga, reduces U(V1) at a rate the is 30 % 

of its Fern) reduction rate. 

Interestingly, Robinson et al. demonstrated that.while bacterial reduction of U(V1) complexed to 

acetate, oxalate, citrate and tiron occurred, the rate of reduction varied (Robinson, 1998). 

Acetate complexed U was fastest while citrate complexed U was slowest, indicating that 

differences in the functional groups involved in complexation may affect the rate of U(VI) 

reduction. In addition, it appeared that precipitation of reduced U was limited by the ligand 

concentration, indicating that for successful precipitation (as a bioremediation process) it may be 

necessary to simultaneously degrade selected ligands from solution. 

More recent U reduction studies have been performed by Xu et al and Francis et al (Xu et a], 

2000 Francis, 2000). Furthermore, U reduction has emerged as a very important technology and 

is being investigated rigorously by scientists associated with the Department of Energy, Natural 0 
3-136 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

and Accelerated Bioremediation (NABIR) progiam. For example, Fredrickson et al. have 

discussed the reduction of U(V1) in goethite [a-FeOOH(,,] suspensions by dissimilatory metal- 

reducing bacteria (DMRB). These findings are important because of the common occurrence of 

the Fe-bearing mineral goethite in soil environments and therefore DMRB could reduce soluble 

U(V1) to insoluble U(IV) in the presence of solid Fe mineral phases (Fredrickson, 2000). In a 

second paper, Fredrickson and coworkers discuss the reduction of U(V1) and other metals by the 

radiation-resistant microorganism, Deinococcus radiodurans. D. radiodurans is capable of 

surviving acute exposures of ionizing radlation doses of 15,000 Gy (Fredrickson, 2000). This 

recent reported ability to reduce U now only serves to increase potential utility of this 

microorganism for the bioremediation of U contaminated sites. 

Biosorption and Bioaccumulation 

There are numerous reports in the literature of biosorption of U by microorganisms (e.g., 

Francis)(Francis, 1998). Macaskie and coworkers have detailed the enzymatic bioprecipitation 

of U by bacteria (Macaskie, 2000). They attribute this to phosphatase ligand liberated by 

phosphatase activity. Furthermore, both rate and onset of deposition were promoted by m+, 
forming NHJJ02PO4. Pan& et al. have demonstrated that both vegetative cells and spores of 

several Bacillus species accumulate high amounts of U(V1) in the concentration range of 11-214 

mg/L (Panak et al., 2000). Hu et al. noted that even though U binding to Pseudomonas 

aeruginosa occurred, Fe(III) was a strong inhibitor of binding, suggesting that the Fern) and U 

may share the same binding sites on biomass (Hu et al., 1996). Finally, Suzuki and Banfield 

provide an excellent review of U biosorption and bioaccumulation (Banfield, 1999). 

Biodearadation 

Biodegradation of U - ligand complexes has been investigated extensively by Francis and 

coworkers (e.g., Francis) (Francis, 1998). For example, Francis and his group have reported that 

although citrate is commonly metabolized by bacteria, several species were unable to biodegrade 

the uranyl-citrate complex. Furthermore, this complex was not transported into the cells. As 

anticipated from the above results, the metal reducing bacteria Clostridium sphenoides was able 

to reduce U in the uranyl-citrate complex only when supplied glucose or uncomplexed citrate as 
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an electron donor. Francis and coworkers have concluded, “complexed U is readily accessible 

for microorganisms as an electron acceptor, despite their ability to metabolize the organic ligand 

complexed to the actinide” (Francis, ‘1998). 

TA - 3.9.3 Biogeochemistry Conclusions 

Microorganisms inhabit soil environments and could be considered to do so preferentially. 

Furthermore, the soil microbial population should be regarded as being stable and this stability 

becomes an important parameter when developing performance evaluations for the migration of 

radionuclides. Because of its stability, the soil community will be in place and metabolically 

active, however diminutive, for the entire time frame under consideration. Given the time frame 

required, the potential for significant microbial effects on transport are increased and therefore 

the metabolic process performed by microorganisms when interacting with radionuclides must 

become part of performance assessment. As discussed, microbial metabolic processes affecting 

radionuclide solubility are significant and varied. These processes include, but are not limited to, 

sorptiodprecipitation, complexatiodchelation, biodegradation of complexed actinides, 

dissolution, oxidatiodreduction reactions and colloidal agglomeration. Additionally, 

microorganisms create microenvironments of nutrient and chemical gradients, capable of altering 

radionuclide solubilities. Although no site-specific geomicrobiological data exists, one can 

safely assume that many or all of the geomicrobiological processes discussed herein are in place 

and operative at RFETS. These processes are important to understand, not only to provide a 

more complete understanding of ongoing and potential actinide transport pathways, but also for 

potential development and expansion as part of a Site remediation program. 
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TA-4 ACTINIDE TRANSPORT PATHWAYS ANALYSIS - BASED ON 

MEASURED RFETS ACTINIDE CONCENTRATIONS 

TA-4.1 THE CONCEPTUAL MODEL COMPARED WITH QUANTIFIED ANALYSES . 

The Conceptual Model for Actinide Studies at the Rocky Flats Environmental Technology Site 

report, introduced in Section TA- 1.4, provides a qualitative understanding of the relationships 

between actinide sources and transport pathways at RFETS (RMRS, 1998). Differences in the 

chemistry and behavior of the predominant actinide species found in the environment at RFETS, 

specifically the insoluble nature of Pu(IV) and Am(III) and the relatively soluble nature of 

U(VI), were primary considerations in the development of the conceptual model. The marked 

difference in environmental behavior between insoluble and soluble actinide species resulted in 

the development of separate qualitative models for PdAm and U. These models are summarized 

in schematic Qagrams depicting the relative importance of the multiple pathways by which 

actinides move in the environment. The conceptual model Pu/Am transport diagram is shown in 

Figure TA-4-1 and the U transport diagram is shown in Figure TA-4-2. 

\ 

The objective of Sections TA-4 through TA-6 is to quantify the relative importance of alternative 

pathways, for Pu, Am and U, as presented in the conceptual model. This summary below of the 

pathways discussed in conceptual model provides perspective for the quantified analyses that 

follow in subsequent sections. 

Conceptual Model - PlutoniudAmericium Transport Pathways 

0 Surface Water - Major pathways for input loads are overland erosion transport of particulate 

or colloidal PdAm and sediment resuspension. The major pathway for output loads is 

sediment deposition. Minor pathways for input loads include airborne deposition, 

groundwater discharge and overland erosion transport of dissolved PdAm. Groundwater 

recharge is a minor pathway for output loads. 

0 Groundwater - No major pathways were identified for Pu and Am. Minor pathways include 

infiltration, sub-surface storm flow and recharge from surface water for input loads and 

discharge to surface water for output loads. 
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Air - No major pathways were identified for Pu and Am. Minor pathways include surface 

soil suspension and flora to air transport for input loads and deposition to soil, flora and 

surface water for output loads. 

Biota - No major pathways were identified for Pu and Am. Minor input pathways include 

soil-to-fauna, soil-to-flora from raindrop splash and airborne deposition to flora. Minor 

output pathways include flora-to-air, fauna-to-soil and flora to fauna. 

Surface Water - Major pathways are groundwater discharge and sediment resuspension for 

input loads and sediment deposition for output loads. Minor input pathways include airborne 

deposition, overland erosion transport of particulate, colloidal or dissolved U and sub-surface 

storm flows. The minor output pathway identified was surface water recharge to 

groundwater. 

Groundwater - Major pathways for input loads are infiltration and vadose zone transport 0 
from soil. Discharge to surface water is a major pathway for output loads. A minor pathway 

for input loads is sub-surface storm flow. 

Air - The relative pathway importance identified that impact air is the same for U and 

PdAm. No major air pathways were identified for U. Minor pathways include surface soil 

suspension and flora to air transport for input loads and deposition to soil, flora and surface 

water for output loads. 

Biota - The relative importance of pathways that impact biota are the same for U as for 

WAm. No major biota pathways were identified for U. Minor input pathways include soil- 

to-fauna, soil-to-flora from raindrop splash and airborne deposition to flora. Minor output 

pathways include flora-to-air, fauna-to-soil and flora to fauna. 
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TA-4.2 INTRODUCTION TO ACTINIDE TRANSPORT PATHWAYS ANALYSIS 

Section TA-4 is the first of three sections that present analyses of actinide transport for the 

surface water, groundwater, air and biological transport pathways. The type of data organizes 

these sections, either measured or modeled, being analyzed. The pathway analysis sections and 

data types used in each section are listed below: 

Section TA-4 - Pathway analysis using measured data only; 

Section TA-5 - Pathway analysis using measured data presented in Section TA-4 coupled 

.with modeled data for pathways where measured data are unavailable; and 

Section TA-6 - Pathway analysis using modeled data only for extreme climatic conditions. 

Within Section TA-4, five main sub-sections follow this introduction. First, Section TA-4.3 

provides analysis of surface and sub-surface soil actinide data presented in Section TA-2 to 

better understand the connections between different sources and actinide transport pathways. 

Next, Sections TA-4.4 through TA-4.6.4 address the surface water, groundwater, air and 

biological pathway analyses, respectively. 

TA-4.3 ANALYSIS OF SURFACE AND SUB-SURFACE SOIL DATA 

TA-4.3.1 Source Locations Linked with Surface and Sub-surface Soil Data 

Surface and sub-surface soil data presented in Section TA-2 were analyzed and organized to 

facilitate analysis of specific actinide transport pathways. A total of 215 actinide source 

locations designated as active MSS, UBC, NFA or Recommended NFA were included in the 

evaluation. These locations were reviewed to determine which had sample data that met the 

acceptance criteria discussed in Section TA-2 and whether or not sample results indicated 

actinides above background or RDL levels. Actinide source locations with data above 

background or RDL levels for a specific actinide were labeled with a “ Y  in the corresponding 

column. Locations with data below background or RDL levels were identified with an “N’ in 

the corresponding column. Locations without data were identified with a “NO DATA” label. 
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Over 50 % of the locations, 120 out of 215 total, had “NO DATA” for all of the actinides, using 

the data acceptance criteria used for this report. Source locations with actinide data were 

crosschecked with the Historical Release Reports and summary comments were written 

regarding the sample results. A sample page from the table is presented in Table TA-4-1. The 

complete table is on the CD-ROM included with this Technical Appendix. 

In addition to the data evaluation compiled in Table TA-4-1, surface and sub-surface soil 

sampling locations were plotted along with the boundaries of the actinide source areas (Figure 

TA-4-3). This figure graphically displays the actinide source areas that have been sampled and 

those source areas that have not been sampled. 
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Table TA-4-1. Actinide Source Locations - Summary of Surface and Sub-surface Soil Samples (Sample Page) 

(Complete table available on CD-ROM) 

One Am sample above Tier 
I I ,  one U235 sample above 
RDL, Reported as 101,138 
& 101,149.1 & 101,149.2 & 
101,150.6 & 101,150.8 & 

101,163.1 

Y Y Y  Y Y Y Y Y Y Y Y Y 

I 111.2 I TrenchT-5 I Pu,U I Y Y Pu, Am, U conc. decrease 
. withdepth 

Y Y  Y Y Y Y Y N Y Y 

Y N  Y N Y Y Y N Y Y Y PulAm either high or low, U 
less variable in trenches 

11 1.3 Trench T-6 Pu, u N 

11 1.4 Trench T-7 Pu, u N 

11 1.5' Trench T-8 Pu, u No 
Data 

Y 

$j$T Data Data Data Data 

Some U samples below 
bkgrd., one Pu/Am sample 

high toward surface and rest 
w.in RDL, U more uniform 

distribution over depth 

No 
Data 

I 111.6 I TrenchT-9 I Pu, U I Y Y I Many samples below bkgrd. 

Y One sample very high for all 
actinides, most near bkgrd. 

&within R.D.L. 

Y Actinide samples slightly 
abovelbelow bkgrd. levels 

Table page 1 of 1 
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TA-4.3.2 Pu and U-238 Surface and Subsurface Soil Data Analysis 

Surface and sub-surface soil data for Pu and U-238 presented in Section TA-2 were 

investigated to link known source locations with the soil data to better understand 

relationships between specific sources and transport pathways. Am-241 was not . 

investigated in this manner because its environmental behavior, as discussed in Section 

TA-3, resembles that of h. Similarly, U-233/234 and U-235 were not included in this 

analysis because their patterns of transport resemble U-238. 

Plutonium Surface and Sub-surface Soil Data 

Plutonium Surface Soil Data 

A Pu surface soil data set was created which all sample results equal to or less than 

background activities were removed. Background surface soil activity for Pu, discussed 

in Section TA-2, is 0.04 pCi/g (EG&G, 1995). These data were mapped along with 

boundaries of the actinide source areas (Figure TA-4-4). 

Pu surface soil data were further screened by mapping only those known sample results 

exceeding the RFCA Tier II Action Level of 252.0 pCi/g. These data are shown in . The 

contrast in number of samples with results above background activity above Tier 11 

activity is clear. Pu sample results that exceed Tier 11 levels are limited to the 903 Pad 

and Lip Area vicinity southeast of the Industrial Area, whereas sample results that exceed 

background are widely distributed throughout the Industrial Area and beyond. 

Plutonium SubSurface Soil Data 

Similar to the surface soil analysis, a figure was created for Pu sub-surface soil data in 

which sub-surface sample results equal to or less than background levels were removed 

from the data set. Sub-surface soil samples from all depths were included in this sorting 

process. Background sub-surface soil activity, discussed in Section TA-2, is 0.00 pCi/g 

for Pu. These above-background data were mapped along with the boundaries of the 

actinide source areas (Figure TA-4-6). 
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The second step in the Pu sub-surface soil data evaluation process involved mapping only 
, 

those sub-surface results that exceed the RFCA Tier 11 Action Level of 103.0 pCi/g for 

Pu. These data are shown in Figure TA-4-7. Two Pu sub-surface soil sample results 

exceed Tier 11 Action Levels. These samples were collected within or near MSS 11 1.4 - 
a former burial trench located in the SID drainage basin approximately 460 m (1500 ft) 

east of the eastern Industrial Area fence. 

Plutonium -Analysis of Surface and Sub-surface Soil Figures 

When viewed collectively, the Pu surface and sub-surface soil figures display a 

distinctive trend in terms of transport. Data shown in for sub-surface samples show that 

Pu, with few exceptions, was not detected below the surface at concentrations that exceed 

Tier II. The two samples where Pu was measured above Tier 11 activity were both 

associated with locations where the Pu source was buried. Therefore, despite the 

widespread existence of Pu detected on the surface soils (Figure TA-4-4) and the 

presence of Pu on surface soils near the 903 Pad that exceed Tier 11 concentrations 

(Figure TA-4-5), Pu does not display an obvious pattern of vertical downward migration 

into the sub-surface soil. This is in agreement with previous findings regarding the 

presence of Pu occurring mainly in the surface soils (Hakonson, 1981; Hartmann, et al, 

1989). The tendency of Pu to remain near the surface is further supported by the kriged 

Pu surface soil data (Figure TA-2-8) that show an obvious west to east pattern of airborne 

transport originating from the 903 Pad Pu source. 

' 

. 

\ 

Uranium-238 Surface and Sub-surface Soil Data 

Uranium-238 Surface Soil Data 

Using the same method applied to Pu, a figure was created for U-238 surface soil data in 

which all sample results equal to or less than background levels were removed. 

Background surface soil activity is 1.09 pCi/g for U-238. These data were mapped along 

with the boundaries of the actinide source areas (Figure TA-4-8). 
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U-238 surface soil data were further evaluated by mapping only those sample results 

exceeding the RFCA Tier 11 Action Level of 103.0 pCi/g. These data are shown in 

Figure TA-4-9 for U-238. U-238 sample results that exceed Tier 11 activity are less 

common than for Pu. Sites with U-238 that exceed Tier 11 are limited to the Original 

Landfill and Ash Pits areas southwest of the Industrial Area and within the 903 Pad 

boundary southeast of the Industrial Area. 

U-238 Sub-SurFace Soil Data 

A figure was created for U-238 sub-surface soil data in which sub-surface sample results 

equal to or less than background levels were removed from the data set. Sub-surface soil 

samples from all depths were included in this sorting process. Background sub-surface 

soil activity, as presented in Section TA-2, is 0.73 pCi/g for U-238. These above- 

background data were mapped along with the boundaries of the actinide source areas 

(Figure TA-4-10). 

The second step in the U-238 sub-surface soil data evaluation process involved mapping 

only those sample results that exceed the RFCA Tier II Action Level. Tier II Action 

Levels for sub-surface soil are the same as for surface soil, 103.0 pCi/g U-238. These 

data are shown in Figure TA-4-11. Sub-surface soil samples for U-238 that exceed the 

RFCA Tier II Action Level are confined to the Ash Pits southwest of the Industrial Area 

and one location southwest of the 903 Pad. 

Uranium-238 - Analysis of Surface and Sub-Surface Soil Figures 

The pattern of U-238 migration in the surface and sub-surface soil data does not reflect 

the surface erosion transport processes and associated plumes that were discussed 

regarding Pu. Because few surface soil sample locations exist with U-238 activity above 

the Tier 11 level (Figure TA-4-9), sub-surface U-238 activities would not be expected to 

exceed Tier 11, unless the sources of U-238 were buried. Therefore, it is not surprising 

that Figure TA-4-11 shows few sub-surface samples that exceed Tier II. However, it is 

noteworthy that the sub-surface U-238 data in Figure TA-4-10 are generally of the same 
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concentration, slightly above the regional background level, as the overlying surface soil 

samples presented in Figure TA-4-8. 

Based on the similar levels of activity observed in the surface and sub-surface soils, it 

might be inferred that the majority of U-238, at and below the surface, is from natural 

sources with activities slightly above the regional background level. Alternatively, the U- 

238 detected above background in sub-surface soils could be from downward migration 

into the soil of anthropogenic U-238 from the surface. In either case, U-238 surface soil 

data do not indicate the same type of distribution, with a large source area and 

widespread surface soil plumes, as does Pu. Instead, aside from background 

concentrations, higher U-238 concentrations are present both at and below the ground 

surface in spotty locations associated with specific sources. 

Determining whether the U-238 is naturally-occurring or from anthropogenic sources can 

be accomplished by examining U isotopic abundance ratios. The natural U-235/U-238 

ratio is approximately 0.045. A U-235/U-238 ratio analysis for RFETS soils performed 

by Litaor was confounded by large analytical error associated with the alpha 

spectroscopy determination of U-235 in soils. This made interpretation of the U235/U- 

238 ratio difficult (Litaor, 1995). The U-234/U-238 ratio, approximately 1.0 with 

naturally-occurring soils, was also analyzed by Litaor and found to be well within the 

naturally-occumng range of variation. The U-234/U-238 ratio study indicates that, other 

than in localized point sources with elevated activity, the existence of anthropogenic U 

sources in surface soil appears to be limited. 

TA-4.4 SURFACE WATER PATHWAY ANALYSIS 

TA-4.4.1 Methodology Used for Surface Water Pathway Analysis 

A two-tiered approach is used in Section TA-4.4 to analyze, interpret and present 

measured surface water actinide transport data. First, in Section TA-4.4.2, general 

surface water actinide transport patterns at the Site are discussed. Distinctions are made 

between different actinide species and the effects that physical features of the Site, such 
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as detention ponds, have on their behavior. Surface water impacts from varying 

concentrations of actinides, in different environmental media, are also addressed. This 

general overview of surface water actinide transport patterns provides a basis for 

interpreting the more detailed second tier of analysis described below. 

The second tier of surface water actinide transport analysis, presented in Sections TA- 

4.4.5 through TA-4.4.7, involves detailed study of three distinct channel reaches each 

having unique characteristics in terms of channel geometry and actinide sources. 

Discussion regarding these study area characteristics follows in the “Channels Selected 

for Analysis” text. Mass balance calculations are performed for each reach, using 

measured surface water actinide data, to quantify actinide loads flowing in and out of 

each study area. Results of the mass balances are analyzed and discussed in terms of the 

factors that affect actinide transport within each reach. In this section, where measured 

data only are studied, observations are noted and briefly discussed. Later, when modeled 

data are introduced in Section TA-5, more detailed discussion regarding the factors that 

can influence actinide migration is provided. These factors include, but are not limited 

to, actinide concentrations in soils and sediments, channel geometry and other watershed 

characteristics such as vegetation and soil types. Differences among the characteristics of 

the three study areas and the differences in actinide transport within each are reviewed 

and discussed. 

In summary, the objective of Section TA-4.4.2 is to present a broad overview of surface 

water actinide transport at the Site. It is followed by a discussion of the mass balance 

analyses in Section TA-4.4.3 and a description of the three study channel reaches selected 

in Section TA-4.4.4. The mass balance analyses are presented in Sections TA-4.4.5 

through TA-4.4.7, using measured data only. Modeled data are introduced in Section 

TA-5 to estimate actinide transport via those pathways where measured data are not 

available. 
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e TA4.4.2 General Patterns of Surface Water Actinide Transport at RFETS 

General characteristics of actinide transport observed in surface water at RFETS, as 

displayed in data presented in Section TA-2, are discussed in this section. Recognizing 

patterns of actinide transport observed in surface water provides a basis for understanding 

and interpreting mass balance evaluations presented in later sub-sections. Pu and Am, 

which share similar environmental transport characteristics, are discussed separately from 

U, which displays different patterns of transport in surface water. 

Two types of actinide transport metrics are addressed in this discussion. The first is 

actinide concentration in surface water, measured as activity per volume of water, 

typically in units of pCi/L. 

The second metric is actinide load, measured as total activity transported per unit time, 

presented in this report in units of pCi/year. Actinide load for a particular surface water 

monitoring station is calculated by multiplying the actinide concentration in the water by 

the volume of water yielded at the station over the same period. A location with low 

actinide concentration can have a greater load than a location with high concentration if 

the first station has a greater water yield. This illustrates why both the actinide 

concentration and load need to be addressed when examining surface water transport. A 

more thorough explanation of the process used to collect samples and calculate actinide 

loads in RFETS surface water is provided in Section TA-2.7. 

Plutonium and Americium TransPort Patterns in Surface Water 

Actinide transport patterns in surface water are discussed with respect to data presented 

in Section TA-2 for Water Years 1997 through 1999 for RFCA POE and POC monitoring 

stations. The analysis herein focuses on Pu but applies generally to Am because it, like 

Pu, is relatively insoluble and both actinides exhibit similar transport patterns in surface 

water. 
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Industrial Area Runoff - Plutonium and Americium 

Annual average concentrations of Pu in surface water vary by roughly two orders of 

magnitude, from lo-' to 

surface water Pu concentration and the largest Pu load measured at the Site are from 

central Industrial Area runoff measured at monitoring station GS10, located immediately 

upstream from the B-Series ponds on South Walnut Creek (see Figure TA-2-53). This is 

noteworthy because the largest area with elevated surface and sub-surface soil 

concentrations of Pu is not located in the GSlO drainage basin, but rather in the 

SID/station SW027 drainage basin. 

pCA,  at monitoring stations across the Site. The highest 

The average surface water concentration of Pu at GSlO (0.196 pCi/L) was more than 

twice the average concentration measured at SW027 (0.082 pCi/L). This compares with 

the RFCA Action Level for POE and POC locations of 0.15 pCi/L based on a 30-day 

moving average. Station GSlO has an average annual water yield of 151 million liters 

(122.4 acre-feet) which is roughly four times the water yield measured at SW027. The 

combined effect of higher PU concentration and higher water yield resulted in the average 

annual Pu load measured at GS 10 (28.8 pCi), to be nearly nine times the average annual 

load measured at station SW027 (3.3 pCi). The higher load at GSlO occurs despite the 

fact that the SW027 basin is roughly 25 % larger than the GSlO basin and largest Pu 

source areas with the highest Pu concentrations are SW027. 

This indicates that watershed characteristics of the GS 10 drainage basin provide 

preferential transport efficiencies for Pu when compared with the SW027 watershed. 

Both of the basins are approximately the same size, 167 acres for GSlO and 214 acres for 

SW027. However, the GSlO basin is-all within the Industrial Area and is approximately 

47 % impervious combined with some disturbed pervious areas. The SW027 basin, in 

contrast, is approximately 14 % impervious with the majority of the watershed comprised 

of the vegetated hillslope that borders the north side of the SID. 

Two factors suspected to contribute to the higher relative mobility of Pu in the GSlO 

basin, when compared with the SW027 basin, are the proportion of impervious surfaces 
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and the type of soil in each basin. First, the higher percentage of impervious surfaces in 

the GSlO basin causes increased runoff, which promotes erosion of Pu-bearing soils and 

channel sediments from unpaved areas. Second, the GS 10 basin contains more exposed 

soil areas that are devoid of vegetation and with apparent reduced amounts of organic 

matter in the soil. It is recognized and discussed in Section TA-3-6, that micro-organisms 

in the soil can effectively sorb actinides. Hersman found a Pseudomonas bacteria species 

to concentrate fu-239(IV) nearly 10,000 times more than a sterile control of crushed tuff, 

75 to 200 mesh (Hersman, 1986). 

The Pu concentrations measured at GS 10 above the RFCA Action Level occur 

predominantly during periods of increased stormwater runoff in the spring and summer 

( R M R S ,  1999; Santschi, 2000). RFCA-reportable levels of Pu and Am in the spring of 

1999 prompted a Pu and Am source investigation study. Extensive analysis of multiple 

factors, including review of actinide sources, Site operations and comparison with water 

quality parameters, did not find any discrete sources of Pu and Am that caused the 

elevated 30-day moving average results ( R M R S ,  1999). Instead, the investigators 

concluded that diffuse-soil and-sediment contamination was the source of actinides that 

caused the reportable values. 

RFETS Ponds - Plutonium and Americium 

The RFETS ponds effectively reduce the Pu load in surface water. This likely indicates 

that the predominant form of Pu in the surface water at RFETS settles or sorbs to 

particles that will settle in the ponds. When viewed as a whole, the A- and B-Series 

ponds in North and South Walnut Creek removed approximately 75 % of their input Pu 

load from Water Year 1997 through 1999. Pond C-2, which receives the discharge from 

the SID, removed approximately 70 % of its input Pu load during the same time frame. 

These data are consistent with previous Site findings dating back to the 1970’s regarding 

the pond removal efficiencies for Pu (Paine, 1970; Thompson, 1975). 

The mechanism for removal of Pu from the ponds has not been thoroughly quantified. 

Although the removal process is suspected to be largely caused by settling of Pu adsorbed 
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to inorganic parliculate matter, other biological transport vectors such as seston and 

zooplankton have been measured that can remove Pu from the water column (Johnson, 

1974). Santschi et al. found that roughly 10 % of the Pu in Site runoff is bound with 

colloidal-size particles that are not effectively settled in the ponds (Santschi et al., 2000). 

This corroborates earlier research that found approximately 10 to 20 % of the Pu in the B- 

series ponds to be associated with particles less than 0.42 microns (Johnson, 1974). 

These findings provide an explanation for the fraction of Pu in the ponds that is not 

removed by settling. The colloidal material that Santschi found with Pu was composed 

primarily of clay and significant amounts of organic detritus, organism parts and other 

natural organic materials. Paine also found Pu to be preferentially-associated with clay in 

RFETS sediments (Paine, 1970). 

Downstream from the RFETS Ponds - Plutonium and Americium 

Lower Walnut Creek below the A-series ponds and upstream from station GS03 (at 

Indiana Street) was a gaining reach in Water Years 1997 and 1998 and a losing reach in 

Water Year 1999 in terms of Pu load. The annual average of these three years was a Pu 

load approximately 30 % greater on the downstream end of the channel than on the 

upstream end. In other words, a greater Pu load was measured flowing out of this section 

of Walnut Creek than was measured flowing in. This reach has recently been thoroughly 

studied, including extensive sediment sampling, although no conclusive findings were 

made regarding localized Pu sources that could cause elevated concentrations at the 

downstream end of the channel reach ( R M R S ,  1998). Thompson calculated in the mid- 

1970's that the Pu inventory in the sediments of this channel reach was approximately 0.2 

mCi. It was determined that a substantial portion of the inventory was introduced to the 

channel when excavation work in the ponds caused large areas of disturbed, 

contaminated soil to be mobilized (Thompson, 1975). Sediments in lower Walnut Creek 

remain as a source term that is suspected to be a significant contributor to the Pu loads 

measured downstream end. 

Similar to the lower Walnut Creek channel, the reach between Pond C-2 and station 

GSOl in the Woman Creek watershed gains Pu load at the downstream end. The average 
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annual Pu load increases between station GS31 (below Pond C-2) and Station GSOl (at 

Indiana Street) by more than a factor of three. 

To put the off-Site Pu loads in perspective, the average annual load measured at Station 

GSOl (3.6 pCi/yr) is approximately one quarter of that at Station GS03 (on Walnut Creek 

at Indiana Street). The average GSOl Pu concentration during the study period was less 

than 0.01 pCi/L and the water quality comply with the RFCA 0.15 pCi/L Action Level 

from 1997 through 1999. 

Uranium TransDort Patterns in Surface Water 

Industrial Area Runoff - Uranium 

In contrast with Pu, the concentrations for each of the U isotopes are largely uniform in 

surface water across the Site. The differences in U concentrations, regardless of isotope, 

are much less from location to location than the spatial differences observed for Pu and 

Am. Therefore, the U load from one station to the next is largely a function of the water 

yield at each station. 

It is notable that the largest average annual surface water U load from Industrial Area 

runoff occurs on North Walnut Creek at station SW093. Similar to Pu and Am, the 

surface and sub-surface soils with the highest U concentrations occur largely in the SID 
drainage monitored by station SW027. Despite the presence of sources with elevated U 

activity, the isotopic surface water U concentrations measured at station SW027 are 

comparable with the rest of the Site. Because of the low flows at SW027, the average 

annual U loads at SW027 are lower than at other monitoring locations and are roughly 

one order of magnitude less than the load measured at station SW093. 

RFETS Ponds - Uranium 

Based on isotopic U data presented in Section TA-2, the ponds are relatively ineffective 

in removing the U load in surface water. Although U concentrations immediately below 

the A- and B-Series ponds are slightly lower than in the inflow to the ponds, this could be 

attributed to inflows from the treated WWTP effluent that dilute the U concentrations in 
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the pond system. The A- and B-Series ponds also gain groundwater in wet years that 

could potentially add a U load. The groundwater pathway is addressed with modeled 

data in Section TA-5. 

Pond C-2 outflows have average annual loads of U-233/234, U-235 and U-238 that are 

approximately 65,50 and 45 % higher, respectively, than the pond inflow loads measured 

at station SW027. The increased outflow loads are a combination of two factors. First, 

average U concentrations below Pond C-2 are 20 to 40 % higher for the different isotopes 

than the average concentrations measured in the inflow at station SW027. Second, the 

average annual water volume flowing out of Pond C-2 is roughly 50 % higher than the 

inflow water volume measured at SW027. The higher outflow volume is caused by 

runoff from the basin surrounding Pond C-2 that is not measured at station SW027. The 

combination of higher water yield and increased U concentrations results in the increased 

U loads measured below Pond C-2. 

Downstream from the RFETS Ponds - Uranium 

Interpretation of surface water U transport patterns for the entire Site is obscured by the 

absence of data at the stations along the Site boundary at Indiana Street. RFETS 
boundary stations at Walnut Creek (GS03) and Woman Creek (GSO1) do not have 

isotopic U data from Water Year 1997 through 1999. The absence of data at the Indiana 

Street stations is due to the fact there has historically not been a problem at the Site with 

U standard compliance. RFCA POC monitoring for U is performed at the terminal pond 

monitoring locations. 

TA-4.4.3 Description and Purpose of Mass Balance Analyses 

Mass balance calculations are performed for specific channel reaches, using measured 

surface water actinide data, to quantify actinide loads flowing in and out of each study 

area. The purpose of this effort is to better characterize the movement of different 

actinides in surface water at different locations. When coupled with information 

regarding watershed characteristics and actinide sources, impacts of the variables that 

affect actinide transport in surface water can be better understood. The analyses address 
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Pu and U-238 only because the environmental behavior and occurrence of Am is closely 

related to Pu and U-238 reflects the behavior and general occurrence of U-233/234 and 

U-235. Uncertainties associated with actinide loads in surface water from measured data 

are addressed in Section TA-5. 

TA-4.4.4 Channels Selected for Analysis 

Three channel segments, each with unique characteristics in terms of channel geometry 

and actinide sources, were selected for mass balance analysis. These channel reaches and 

the reason for their selection, are described below: 

Lower Walnut Creek 

The Lower Walnut Creek study area is bounded on the upstream end by monitoring 

stations GSll  and GS08 and on the downstream end by station GS03 (Figure TA-4-12). 

This reach is of interest because the average annual Pu load flowing out of the reach from 

Water Year 1997 through 1999 was approximately 30 % more than the Pu load flowing 

into the reach (Section TA-2). The surface soils immediately surrounding the reach have 

relatively low activity, with approximately 0.5 pCi/g or less of Pu and other Pu sources 

that could cause an increased load from upstream to downstream are not readily apparent. 

Further analysis is therefore warranted, particularly because water flowing from this 

study area flows directly off-Site. 

Three tributaries to the Lower Walnut Creek study area are included in the mass balance 

analysis. These are No Name Gulch (station GS33) and McKay Ditch (station GS35) on 

the north side of Walnut Creek and an unnamed tributary (station GS41) on the south side 

of Walnut Creek (Figure TA-4- 12). 

A summary of surface water monitoring stations in the Lower Walnut Creek study area is 

presented in Table TA-4-2. 
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Table TA-4-2. Lower Walnut Creek Study Area - Monitoring Stations 

Surface Water 

Station Number 

Description of Water Monitored Type of Load for 

Study Area 

GS11 
GS08 
GS33 
GS35 
GS41 

Pond A 4  Outfall 
Pond B-5 Outfall 
No Name Gulch Tributary Inflow 

McKay Ditch Tributary Inflow 
Tributary Inflow 

Inflow from Upstream 
Inflow from Upstream 

Unnamed Tributary S. of Walnut 

GS03 

A- and B-Series Ponds 

Creel; 
Walnut Creek Near Site Boundary oufflow 

The A- and B-Series Ponds study area is bounded on the upstream end by monitoring 

stations SW093 and GS 10 and on the downstream end by stations GS 11 and GS08 

(Figure TA-4-13). This study area, encompassing both North and South Walnut Creeks, 

was selected for three reasons. First, these drainages receive the majority of Industrial 

Area runoff. Second, flows from station GSlO contain the highest Pu and Am loads on 

the Site (Section TA-2). Third, study of the detention ponds is necessary to analyze their 

efficiency in removing different types of actinides from the water column. 

Analysis of the A- and B-Series Ponds independent of one another was not feasible 

because of multiple transfers of water between the two systems during the period of study 

from Water Years 1997 through 1999. The two drainages were therefore grouped 

together as one study area for this mass balance analysis. 

Two tributaries to the A- and B-Series Ponds study area are included in this investigation. 

These are an unnamed Industrial Area drainage that joins North Walnut Creek upstream 

from the ponds (station SWO91) and the Site Waste Water Treatment Plant (WWTP) 

effluent that discharges into Pond B-3 in South Walnut Creek). < 

A summary of surface water monitoring stations in the A- and B-Series Ponds study area 

is presented in Table TA-4-3. 
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Table TA-4-3. A- and B-Series Ponds Study Area - Monitoring Stations 

South Interceptor Ditch 

The SID study area does not have a surface wzxr monitoring st tion to form its.1 pstream 

boundary in the same manner that the other study areas are bounded. Instead, the 

upstream SID study area boundary is formed by the western end of the channel. The 

downstream boundary is formed by surface water monitoring station SW027 (Figure TA- 

4-14). The shortcoming of not having a measured input load at the upstream end of the 

study area is apparent because only the easternmost, or most downstream, portion of the 

SID has measured data for input actinide loads. This shortcoming is addressed later in 

Section TA-5, when modeled data for hillslope runoff are introduced and the entire length 

of the SID is accounted for in the mass balance. This section, however, will deal strictly 

with measured data only. 

The SID study area was selected for two reasons. First, it receives the remaining 

Industrial Area runoff that is not addressed by the A- and B-Series Ponds mass balance 

analysis. Second, much of the runoff from the area surrounding the 903 Pad, with the 

highest concentrations of Pu and Am in surface soil at the Site, flows into the SID 

(Section TA-2). 

One tributary to the SID study area is included in this analysis (station GS42). This is an 

unnamed drainage swale that joins the SID immediately west (upstream) of the study 

area’s downstream boundary (Figure TA-4-14). 
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Surface Water 

Station # 

Surface water monitoring stations in the SID study area are listed in Table TA-4-4. 

Description of Water Monitored 

Table TA-4-4. South Interceptor Ditch Study Area - Monitoring Stations 

GS42 
SW027 

Drainage Swale North of SID 
SID Outfall . oufflow 

Tributary Inflow 

Type of Load for 

Study Area 

Delta Changefrom Variables 
(pCi) Input 

Measured Data (Out - In) 3.41 E+06 32% 

Remarks 

Approx. 30% gain in Pu load 

TA4.4.5 Lower Walnut Creek Analysis 

Lower Walnut Creek - Plutonium Mass Balance 

Results from the Pu mass balance analysis for Lower Walnut Creek, using measured data 

only, are presented in Table TA-4-5. The data represent average annual Pu loads in 

Water Years 1997 through 1999 at all monitoring stations in the study area. Net gain or 

loss in outflow load compared to inflow load is presented at the bottom of the table. 

Table TA-4.-5. Lower Walnut Creek, Pu Mass Balance Results - 
Measured Load Data Only, Average for Water Years 1997- 1999 

Pu-2391240 Inputs P~-239/240 Outputs 

Table TA-4-6 contains information on Pu concentrations, Pu loads and drainage sub- 

basin characteristics for each of the lower Walnut Creek monitoring stations. The 
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rightmost column of the table contains the estimated average annual Pu load yielded per 

square meter of the sub-basin, calculated by dividing the average annual Pu load 

measured at a gven  station by the respective sub-basin area. 

Pu surface water load data for lower Walnut Creek are plotted by year from Water Year 

1997 through 1999 (Figure TA-4-15). Positive values in the bar graphs represent input 

loads of Pu and negative values represent output loads. This graph provides perspective 

on the annual variation of loads contributed by different sub-basins. Uncertainty with 

these data is addressed in Section TA-5. 

Table TA-4-6. Summary of Lower Walnut Creek Pu Loading Analysis 

~ 

Analysis of Lower Walnut Creek Plutonium Mass Balance Results 

The Water Year 1997 through 1999 data indicate the average annual Pu load conveyed by 

the flow out of the study area, measured at GS03, was approximately 30 % higher than 

the load measured flowing into the reach. Because of this general loading pattern, station 

GS03, located on Walnut Creek and Indiana Street, has the second highest Pu load of any 

monitoring station at the Site. However, review of the loading profile for each year . 
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shows that lower Walnut Creek was a gaining reach only in Water Years 1997 and 1998 

(Figure TA-4-15). In Water Year 1999, however, the trend of the previous two years was 

reversed when. the measured inflow load (2Ei-07 pCi) was approximately twice as large 

as the outflow load measured at GS03 (lEi-07). 

The primary factor in the 1999 loading pattern, where inflow load exceeded outflow, was 

the large inflow load caused by one flow-paced composite sample collected at station 

GS08 from 6/23/99 to 8/5/99. This particular sample had measured Pu activity of 0.603 

pCi/L, or approximately 50 times more than the mean activity of the other twelve 

samples collected at GS08 that year (0.012 pCi/L). The water associated with the 6/23/99 

to 8/5/99 composite sample accounted for roughly 83 % of the Water Year 1999 Pu load, 

even though the water volume was only 8 % of the total GS08 yield for the year. If the 

6/23/99 to 8/5/99 sample result been equal to the mean Pu activity of the other samples 

collected at GS08 in Water Year 1998, then the 1999 PU loading pattern would have been 

more comparable to Water Years 1997 and 1998. In this hypothetical case the Pu load 

flowing out of the reach would have exceeded the inflow load by roughly 4 E 4 6  pCi or 

60 %. 

It is noteworthy that when the 0.603 pCi/L Pond B-5 discharge sample was collected, 

there was not a correspondmg level of Pu activity observed in the water downstream at 

station GS03. The sample container started on the same day at GS03 had a result of 

0.005 pCi/L Pu, roughly two orders of magrutude less than that measured upstream at 

GS08. There was not a delayed rise in Pu observed at GS03 later that year either - the 

Water Year 1999 Pu load was less than in the prior two years. These results raise the 

question whether or not the 6/23/99 GS08 sample container result was representative of 

the water volume from which the sample was collected. The presence of a “hot particle” 

in a sample container that could result in misrepresentation of overall water quality has 

been addressed in previous Site surface water investigations, though the concept was 

never proved or disproved (RMRS,  1997). - 

Thus, the lower Walnut Creek data indicate the channel reach can generate a substantial 

Pu load, from sediment resuspension, hillslope erosion or other mechanism, in some 
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years. In other years, the reach can lose Pu load, from a mechanism such as sediment 

deposition. Other mechanisms that can impact the loadmg in the channel are addressed 

in Section TA-5 when modeled and measured data are combined. 

The Lower Walnut Creek study area is characterized by two types of sub-basins. The 

first type monitored by stations GSO8 and GS 1 1, captures Industrial Area runoff that is 

routed through the A- and B-Series ponds. Despite the efficiency of the ponds upstream 

of G S l l  and GS08 in removing Pu, these two outfalls contribute roughly 90 % of the 

total measured Pu load to lower Walnut Creek. The estimated average annual Pu load 

yielded per square meter was 1.4 and 6.6 pCi/m2/year for GS 1 1 and GS08, respectively. 

Station GS08, at the outfall of Pond B-5, warrants further discussion because flows at this 

station have the highest Pu concentration (0.033 pCiL), average annual load (6.9Ei-06 

pCi/year) and load per square meter (6.6 pCi/m2/year) of any sub-basin in the lower 

Walnut Creek study area. The GS08 sub-basin constitutes approximately 65 % of the Pu 

load for all of lower Walnut Creek and the load per square meter is up to 30 times that 

observed at the less disturbed, well-vegetated basins. GS08 is downstream from station 

GS 10, which receives runoff from the central Industrial Area, with multiple concentrated 

Pu sources and has the highest average annual Pu load measured at the Site. The GSlO 

drainage is discussed further in TA-4.4.6. 

The second type of sub-basin in the lower Walnut Creek study area, in contrast to those 

described above that receive Industrial Area runoff, is characterized by predominantly 

undisturbed, well-vegetated terrain. These drainages, monitored by stations GS33, GS35 

and GS41, are roughly 15 % larger in combined size than the G S l l  and GS08 basins 

together, but supply only about 10 % of the Pu load contributed by GSl l  and GS08. No 

identified Pu sources, other than relatively low concentrations of diffuse surface soil and 

sediment contamination, exist in the GS33, GS35 and GS41 sub-basins. The estimated 

average annual Pu load yielded per square meter was comparable for each of these 

stations, with values of 0.4,0.3 and 0.2 pCi/m2/year for GS33, GS35 and GS41, 

respectively. Consequently, measured loads from the tributary channels that feed lower 

Walnut Creek do not provide an explanation for the increased loads observed at the 
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Variables 

Measured Data (Out - In) I -2.9E+07 I -76% 

downstream end of the lower Walnut Creek study area. 

Remarks 

76% of inflow Pu stavs in reach 

Lower Walnut Creek - Uranium-238 Mass Balance 

A U-238 mass balance was not calculated for Lower Walnut Creek using measured data 

only. Measured data were unavailable for Water Years 1997 through 1999 for tributary 

stations GS33, GS35 and GS41 or for the downstream boundary station GS03. Analysis 

of U-238 in this reach is performed in Section TA-5 using measured and modeled data 

combined. 

TA-4.4.6 A- and B-Series Ponds Analysis 

Mass balance analyses for the A- and B-series ponds study areas were performed for Pu 

and for U-238. These analyses are described separately below. 

A- and BSeries Ponds Plutonium Mass Balance 

Results from the Pu mass balance analysis for the A- and B-Series ponds, using measured 

data only, are presented in Table TA-4-7. The data represent average annual Pu loads in 

Water Years 1997 through 1999 at all monitoring stations in the study area. Net gain or 

loss in outflow load compared to inflow load is presented at the bottom of the table. 

Table TA-4-7. A- and 6-Series Ponds, Pu Mass Balance Results - 
Measured Load Data Only, Average for Water Years 1997 - 1999 

Pu-239/240 Inputs 
Measured Inputs 

Pu-2391240 Outputs 
Measured Outputs 
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Table TA-4-8 contains information on Pu concentrations, Pu loads and drainage sub- 

basin characteristics for each of the monitoring stations in the A- and B-Series ponds 

study area. The rightmost column of the table contains the estimated average annual Pu 

load yielded per square meter of the sub-basin. 

Pu surface water load data for the A- and B-Series ponds are plotted by year from Water 

Year 1997 through 1999 (Figure TA-4-16). Positive values in the bar graphs represent 

input loads of Pu and negative values represent output loads. This graph provides 

perspective on the annual variation of loads contributed by different sub-basins. 

Uncertainty with these data is addressed in Section TA-5. 

Table TA-4-8. Summary of A- and B-Series Ponds Pu Loading Analysis 

0.033 6.9€+06 73 7% 6.6 

Totals 6.1E+08 492.2 - S.4€+06 100% - 

Analysis of A- and B-Series Ponds Plutonium Mass Balance Results 

Water Year 1997 through 1999 data indicate the average annual Pu load conveyed by the 

flow out of the study area, measured at stations GS 1 1 and GS08, was approximately 76 

% less than the load measured flowing into the reach. Review of the loading profile for 

each year (Figure TA-4-16) shows that the A- and B-Series ponds were a Pu “sink” every 

year from Water Year 1997 through 1999. However, while the ponds had a Pu load 
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removal efficiency of 92 % and 88 %, respectively, in Water Years 1997 and 1998, the 

removal efficiency in Water Year 1999 was only 37 %. 

The reduced Pu removal efficiency by the ponds in Water 1999 can be directly.attributed 

to the flow-paced composite sample collected from 6/23/99 to 8/5/99 at the Pond B-5 

outfall on the downstream boundary of the study area. The 0.603 pCi/L sample result, 

addressed in the discussion on the lower Walnut Creek reach, had nearly 50 times the 

mean Pu activity of the other GS08 samples that year (0.012 pCi/L) and accounted for 

approximately 83 % of the GS08 Water Year 1999 load. If the 6/23/99 to 8/5/99 

composite sample result been equal to the mean result of the other 12 flow-paced samples 

collected at GS08 that year, then the Water Year 1999 Pu load flowing out of Pond B-5 

would have been much lower, 3 E 4 6  pCi, instead of the measured 2 E 4 7  pCi. In this 

hypothetical case, the efficiency of the A- and B-Series ponds for removing Pu from the 

water column would have been 83 % - comparable to that observed in Water Years 1997 

and 1999. 

Santschi et al. found that roughly 90 % of the Pu in Site runoff, measured at station 

GS10, is bound with particulate-size material (greater than 5 microns in diameter) 

(Santschi, 2000). The majority of the remaining 10 % of Pu was colloidal, that is, it 

passed through a 5 micron filter and was filtered out only by 100 kiloDalton or 3 

kiloDalton ultr&ilters using cross-flow filtration (Santschi, 2000). The observed 

colloidal fraction is consistent with the 92 and 88 % Pu load removal efficiencies 

observed in the ponds in Water Years 1997 and 1998. It is not consistent with the 37 % 

removal efficiency observed in Water Year 1999. However, as addressed above, the 

removal efficiency for Water Year 1999 would increase to 83 % if the 6/23/99 result was 

consistent with the other flow-paced7 multiple-grab samples collected at GS08 that year. 

The A- and B-Series ponds have two general types of measured inflows. The first type, 

Industrial Area runoff, is monitored by stations GSlO, SW093 and SW091. The second 

type, treated WWTP effluent routed to Pond B-3, is monitored at the WWTP outfall. The 

sub-basins that capture Industrial Area runoff will be discussed first. 
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The two largest Industrial Area sub-basins, GS 10 (68 hectares [ 167 acres]) and SW093 

(98 hectares [242 acres]), contribute the vast majority, 74 % and 22 %, respectively, of 

the average annual Pu load flowing into the A- and B-Series ponds. Central Industrial 

Area runoff, monitored by Station GS10, has the largest Pu load of any sub-basin at the 

Site. The average annual Pu load per square meter, 42.5 pCi/m2, exceeds the basin with 

the next highest area-normalized load, the station SW093 basin, by a factor of five. The 

high amount of Pu in GSlO surface water relative to other sub-basins does not correspond 

with the relative amount of Pu observed in the surface soil. Although the GSlO basin has 

multiple Pu IHSSs, it does not have the highest Pu surface soil concentrations at the Site 

and has no surface soil sample results above the RFCA Tier 11 Action Level. The GSlO 

sub-basin is approximately 47 % impervious and is characterized by large areas of 

pavement mixed with areas of poorly vegetated exposed soil. 

The SW093 sub-basin collects runoff from the northern Industrial Area, but has only 28 

% impervious surfaces compared with 47 % in the GSlO basin. As noted earlier, the 

average annual Pu load per square meter from the SW093 basin, 8.9 pCi/m2, is 

approximately one fifth that of the GSlO basin, but still the second highest on the Site. 

The average annual Pu load measured at the SW093 basin, 8.7Ei-06 pCi/year, is the third 

largest at the Site behind stations GSlO and GS03, with loads of 2.9Ei-07 pCi/year and 

1.4Ei-07 pCi/year, respectively. 

The other Industrial Area sub-basin that contributes to the A- and B-Series ponds, 

monitored by station SWO91 (4 hectares [ l l  acres]), is much smaller than the GSlO and 

SW093 sub-basins. The SWO91 sub-basin, which collects runoff from the northwest 

comer of the Industrial Area, includes a documented Pu surface soil source’(IHSS 141 - a 

former Pu sludge disposal area). However, the basin has only 5 % impervious area and, 

consequently, has little runoff. The resulting average annual Pu load delivered from the 

sub-basin, less than 1 % of that discharged to the ponds, is relatively small. The average 

annual Pu load per square meter for the SWO91 drainage sub-basin is 3.8 pCi/m2, or 

approximately one tenth of the Pu load delivered per square meter by the GSlO sub- 

basin. 
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I 
Variables 

Measured Data (Out - In) I 2.9E+05 I 0.1% 

The WWTP treated effluent, which discharges into Pond B-5, is the single largest 

measured source of water flowing into the A- and B-Series ponds. The WWTP 

contributes an annual average of approximately 2.5Ei-08 L (205 acre-feet), or 40 % of the 

measured discharges to the ponds. Although the relative volume of water contributed by 

the WWTP is large, the average Pu activity in the WWTP effluent, 0.004 pCi/L, is low. 

The resulting average load contributed by the WWTP therefore constitutes roughly only 3 

% of the load discharged annually to the ponds. 

Remarks 

Little chanoe of U-238 in reach 

A and BSeries Ponds Uranium-238 Mass Balance 

Results from the U-238 mass balance analysis for the A- and B-Series ponds, using 

measured data only, are presented in Table TA-4-9. The data represent average annual 

U-238 loads in Water Years 1997 through 1999 at all monitoring stations in the study 

area. Net gain or loss in outflow load compared to inflow load is presented at the bottom 

of the table. 

Table TA-4-9. A- and B-Series Ponds, U-238 Mass Balance Results - 
Measured Load Data Only, Average for Water Years 1997 - 1999 

U-238 Inputs U-238 Outputs 
Measured Inputs Measured Outputs 

Gain (+I or Loss (4 of U-238 in Studv Area 
I I 1 

Table TA-4-10 contains information on U-238 concentrations, U-238 loads and drainage 

sub-basin characteristics for each of the monitoring stations in the A- and B-Series ponds 

study area. The rightmost column of the table contains the estimated average annual U- 
238 load yielded per square meter of the sub-basin. 
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U-238 surface water load data for the A- and B-Series ponds are plotted by year from 

Water Year 1997 through 1999 (Figure TA-4-17). Positive values in the bar graphs 

represent input loads of U-238 and negative values represent output loads. This graph 

provides perspective on the annual variation of loads contributed by Qfferent sub-basins. 

Uncertainty with these data is addressed in Section TA-5. 

Table TA-4-IO. Summary of A- and B-Series Ponds U-238 Loading Analysis 

Analysis of A- and B-Series Ponds U-238 Mass Balance Results 

An important pattern of U-238 surface water transport in the A- and B-Series ponds study 

area is that surface water concentrations of U-238 do not vary much from location to 

location. The one exception is the WWTP effluent stream that had roughly one fourth of 

the U-238 concentration measured at the storm water monitoring locations. Average 

annual U-238 concentrations at the storm water locations within the study area ranged 

from approximately 1.0 to 2.0 pCfi,  which is consistent with the pattern observed across 

the Site. This pattern contrasts with average Pu concentrations that vary by up to a factor 

of 30 from one location to another. Because of the relatively similar concentrations, the 
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/ 

variation of U-238 loads flowing from one location to another is largely a function of 

water volume. 

Water Year 1997 through 1999 data indicate the average annual U-238 load conveyed by 

the flow out of the study area, measured at stations GS11 and GS08, was essentially the 

same as the load measured flowing into the reach. Review of the loading profile for each 

year (Figure TA-4-17) shows that the A- and B- ponds were a U-238 “sink” in Water 

Year 1997, with approximately 13 % of the inflow load removed. In Water Years 1998 

and 1999, the ponds were a U-238 “source”, when a gain of roughly 8 9% and 2 % 

compared to the inflow load, was observed. The average of the three years of loading 

data was that inflow and outflow loads were roughly equal. 

The northern Industrial Area basin, measured by station SW093, contributes the largest 

single fraction, approximately 45 %, of the total input U-238 load to the ponds. Central 

Industrial Area runoff, measured by station GS10, contributes approximately 35 % of the 

total input U-238 load. As discussed earlier, the proportion of loads delivered by these 

major Industrial Area sub-basins is largely a function of water volume because the U-238 

surface water concentrations for the two sub-basins are comparable. The average annual 

U-238 concentration for station SW093 is 1.2 pCi/L and for station GSlO is 1.3 pCi/L. 

Similarly, the U-238 load delivered per square meter is also comparable for these basins, 

263 pCi/m2 for SW093 and 299 pCi/m2 for GS10. 

The sub-basin with the highest concentration of U-238 in the runoff is the northeast 

Industrial Area sub-basin, monitored by SWO91, with an annual average concentration of 

1.9 pCi/L. However, as addressed in the Pu mass balance analysis, the SWO91 sub-basin 

has only 5 % impervious surface area. Consequently, there is little runoff from this 

drainage and the resulting U-238 load delivered per square meter, 32.4 pCi/m2, is roughly 

one tenth of that delivered by the more impervious SW093 and GS 10 basins. This aspect 

of U-238 transport in the A- and B-Series ponds study area is consistent with the patterns 

observed in the Pu loading analysis. Drainages with relatively higher percentages of 

impervious surfaces, such as the SW093 and GSlO sub-basins, deliver up to 10 times the 

actinide load to downstream receiving waters as basins with minimal impervious area. 
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TA-4.4.7 South Interceptor Ditch Analysis 

South Interceptor Ditch Plutonium Mass Balance 

Results from the Pu mass balance analysis for the SID, using measured data only, are 

presented in Table TA-4-11. The data represent average annual Pu loads in Water Years 

1997 through 1999 at all monitoring stations in the study area. Net gain or loss in 

outflow load compared to inflow load is presented at the bottom of the table. 

Table TA-4-11. South Interceptor Ditch, Pu Mass Balance Results - 
Measured Load Data Only, Average for Water Years 1997 - 1999 

Pu-2391240 Innuts 
Measured h u t s  

PU-239l240 Outputs 
Measured Outputs 
Output Description Load (pCi) 

~ ~ S W 2 7 & 3 l S l D  Out I 3.3E+06] 
llotal Measured Outputs 3.3E+Oq 

Gain (+) or Loss (-) of Pu in Study Area 
1 

LrVeasured Data (Out - In) I 3.2E+06 I 2366% 1GS42 Does Not Reflect All Inputs 

Table TA-4-12 contains infonnation on Pu concentrations, Pu loads and drainage sub- 

basin characteristics for each of the monitoring stations in the SID study area. The 

rightmost column of the table contains the estimated average annual Pu load yielded per 

square meter of the sub-basin. 

Pu surface water load data for the SID are plotted by year from Water Year 1997 through 

1999 (Figure TA-4-18). Positive values in the bar graphs represent input loads of Pu and 

negative values represent output loads. This graph provides perspective on the annual 

variation of loads contributed by different sub-basins. Uncertainty with these data is 

addressed in Section TA-5. 
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JMeasured) 

Entire SID Basin 86. 14% 3.7€+07 29.7 0.090 3.3€*06 100.0% 3.8 

Totals 3.7E+07 29.7 3.3Et06 100% 
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Table TA-4-12. Summary of South Interceptor Ditch Pu Loading Analysis 

Analysis of South Interceptor Ditch Plutonium Mass Balance Results 

A mass balance analysis for the SID drainage basin, using measured data only, is not 

practical given the lack of measured inflow data to the study area in Water Years 1997 

through 1999. However, review of the data for the two monitoring stations for which 

there are measurements does provide some insight into Pu transport patterns in the study 

area. 

The sub-basin monitored by station GS42,18 hectares (45 acres), comprises 

approximately 20 % of the SID basin area and is located southeast of the 903 Pad. The 

GS42 sub-basin consists primarily of a well-vegetated hillslope, with only a 3 % 

impervious area. The GS42 drainage has a documented Pu surface soil source, MSS 

216.3, within the sub-basin boundaries and has h soil activity, ranging from 10 to 100 

pCi/g, which is relatively high compared with the rest of the Site. Despite the presence of 

the Pu surface soil sources, the annual Pu load delivered per square meter, 0.7 pCi/m2, is 

relatively low. For comparison sake, the GS42 sub-basin load per square meter is 

approximately two percent of the load measured per square meter for the central 

Industrial Area runoff at station GS 10. The GS42 average annual load constitutes only 

about 4 % of the load measured flowing out of the SID at station SW027. The remainder 

of the input load to station SW027 in comprised of the southern Industrial Area runoff, 
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hillslope runoff and other input variables addressed in Section TA-5 where measured and 

modeled data are combined. 

Station SW027, which forms the downstream boundary of the SID drainage basin, 

receives runoff from the areas with the highest surface soil Pu concentrations at the Site. 

Several Pu MSSs, including 109, 140 and 183, are located within the boundaries of the 

SW027 basin along with a widespread plume of elevated Pu soil activity that is not 

included within an IHSS boundary (see Figure TA-4-4 and Figure TA-4-5). The SW027 

sub-basin has the only surface soil sample results at the Site, in the vicinity of the 903 

Pad, that exceed the WCA Tier 11 Action Level for Pu. Average annual concentrations 

of Pu in the surface water at SW027 (0.090 pCi/L) are less than at central Industrial Area 

station GSlO. The 87 hectare (214 acre) SW027 basin is characterized by well-vegetated 

slopes, with only 14 % impervious area. Compared with the central Industrial Area, the 

SlD drainage has approximately one fifth of the runoff volume per unit area. The Pu load 

per square meter, 3.8 pCi/m2, is roughly one tenth of that observed for the central 

Industrial Area basin. 

For perspective, the Site’s surface water quality standard for total U, as noted in Section 

TA-1, is currently set at 10 pCiL for Walnut Creek and 11 pCiL for Woman Creek. In 

comparison, the EPA promulgated a total U MCL of 30 pg/L. for drinking water on 

12/7/00 (Federal Register, 2000); Converting mass to activity, the 30 lg/L total U MCL 

corresponds to a total U activity of approximately 20 pCiL using the isotopic proportions 

typically found in RFETS surface water. Total U concentrations from Water Years 1997 

through 1999, at RFETS POE and POC monitoring stations, averaged approximately 2 to 

5 pg/L or roughly one order of magnitude less than the recently established MCL for 

drinking water. 

South Interceotor Ditch Uranium-238 Mass Balance 

A U-238 mass balance was not calculated for the SID using measured data only. 

Measured data were unavailable for Water Years 1997 through 1999 for tributary station 

GS42. Therefore, the only measured U-238 surface water data available are for 
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downstream boundary station SW027. Analysis of U-238 for the SID is performed in 

Section TA-5 using measured and modeled data combined. 

TA-4.4.8 Summary of Surface Water Pathway Analysis 

Key findings from the surface water pathway analysis using only measured, not modeled, 

data are summarized in this section. These findings are compared with the pathways 

qualitatively described in the conceptual model report and summarized in Section TA- 

4.1. The measured data indicate an actinide transport patterns 'that fully supports the 

transport mechanisms identified in the conceptual model. 

The central Industrial Area is the largest source of surface water PU load at the 

Site, although it is not the area with the highest Pu concentrations in surface soil. 

Central Industrial Area runoff, monitored by Station GS10, has  the largest Pu load of 

any sub-basin. The average annual Pu load delivered per square meter at GS10,42.5 

pCi/m2, exceeds the next highest major sub-basin by nearly a factor of five, which is 

northern Industrial Area runoff monitored at station SW093. The GSlO sub-basin 

does not have the highest Pu surface soil concentrations at the Site and has no surface 

soil sample results above the RFCA Tier II Action Level. The 68-hectare (167-acre) 

GSlO sub-basin, approximately 47 96 impervious, is characterized by large areas of 

pavement mixed with areas of poorly vegetated exposed soil. 

a 

Large impervious areas increase runoff, which in turn, increases erosion processes on 

hillslopes and in channels that are unpaved. The high relative Pu load from the 

central Industrial Area supports the conceptual model postulation that overland 

erosion is a dominant transport mechanism for Pu at RFETS. 

High Pu concentration in the surface soil does not necessarily correspond with a 

high relative Pu load delivered to surface water. The sub-basin with the highest 

surface soil Pu concentrations at the Site is the SID drainage, monitored by station 

SW027. The SW027 sub-basin has the only surface soil sample results at the Site, in 

the vicinity of the 903 Pad, that exceed the RFCA Tier 11 Action Level for Pu. a 
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Average annual concentrations of Pu in the surface water at SW027 (0.090 pCi/L) are 

less than at station GSlO (0.191 pCi/L). The 87 hectare,(214 acre) SW027 basin is 

roughly 30 % larger than the GSlO basin and has much different hydrologic 

conditions than the GS 10 sub-basin. Instead of large impervious surfaces, the SW027 

basin is characterized by well-vegetated slopes, with only 14 % impervious area. 

Therefore, The SID drainage has less runoff per unit area than the central Industrial 

Area and the Pu load per square meter is roughly one tenth of that observed in the 

GS 10 sub-basin. 

As discussed above, large impervious areas increase runoff and corresponding 

erosion processes in areas without pavement. Areas with high Pu surface soil 

activity, if not prone to erosion, would not be expected to contribute as high a Pu load 

as expected from a watershed that is prone to erosion. 

A high percentage of pervious area in a drainage basin appears to substantially 

reduce the quantity of Pu delivered, per unit area, to surface water. The SWO91 

sub-basin, which collects runoff from the northwest comer of the Industrial Area, has 

a Pu delivery pattern similar to the SID (SW027) basin. This is the case although the 

SWO91 basin size (4 hectares [ l l  acres]) is only 5 % of the SW027 drainage area. 

The SWO91 sub-basin has a Pu surface soil source (IHSS 141) and has a low 

percentage of impervious surfaces. Also similar to the SID drainage, SWO91 has 

average Pu surface water concentrations that are higher than other basins without Pu 

sources. However, because the basin has a low percentage of impervious area, there 

is little runoff and the resulting average annual Pu load delivered from the sub-basin 

is relatively small. The average annual Pu load per square meter for the SWO91 

drainage sub-basin is 3.8 pCi/m2 - the same measured in the SW027 (SID) basin. 

This is approximately one tenth of the Pu load delivered per square meter by the 

impervious GSlO sub-basin. Reduced runoff from the SWO91 basin results in 

reduced erosion and less movement of Pu in the surface water. 

The detention ponds generally remove 80 to 90 % of the annual inflow Pu load. 

Loading data indicate that the A- and B-Series ponds were a Pu “sink” every year 
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from Water Year 1997 through 1999. However, while the ponds had a Pu load 

removal efficiency of 92 % and 88 % in Water Years 1997 and 1998, respectively, 

the removal efficiency in Water Year 1999 was only 37 %. The reduced Pu trapping 

efficiency in Water Year 1999 is linked to one flow-paced composite sample at the 

outfall of Pond B-5, collected from 6/23/99 to 8/5/99, that had Pu activity 50 times 

greater than the average measured that year. Although no increase in Pu load was 

measured downstream from the ponds during this period, the sample altered the Pu 

loading pattern calculated for that year. 

The efficiency of the ponds removing inflow Pu load reflects Site studies that show 

approximately 90 % of Pu flowing into the ponds is bound to particulate-sized 

particles that will settle out of the water column. 

Lower Walnut Creek generally has a larger oufflow Pu load than inflow load. 

Data for Water Years 1997 through 1999 indicate the average annual Pu load moving 

out of lower Walnut Creek, measured at GS03, was approximately 30 % higher than 

the load measured moving into the reach. Water Years 1997 and 1998 were 

consistent with this pattern, with outflow loads exceeding inflow loads. Water Year 

1999 reversed this trend when the inflow Pu load exceeded outflow by approximately 

50 %. The Water Year 1999 Pu loading pattern reversed the trend of the prior two 

years when a large Pu load was measured out of Pond B-5, a direct consequence of 

the high activity sample, discussed above, collected from 6/23/99 to 8/5/99. Because 

no increase in Pu load was measured downstream during that time frame, the 

calculated Water Year 1999 loading pattern indicated a deposition of Pu to the 

channel. The tributary channels that feed lower Walnut Creek do not provide an 

explanation to the increased loads measured at the downstream end. Therefore, some 

other Pu source, such as the channel sediments, supplies the Pu that increases the Pu 

load at the downstream end of the channel. 

Resuspension of channel sediments is a major Pu transport pathway in the conceptual 

model. The measured data indicate that another Pu transport mechanism, such as 
channel sediment resuspension, is contributing to the Pu load in lower Walnut Creek. 
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There is little variation in the relative abundance of different U isotopes 

measured from one location to another across the Site. The U transport pattern 

contrasts with average Pu concentrations that vary by up to a factor of 30 from one 

location to another. Because of the relatively similar concentrations, the variation of 

U loads flowing from one location to another is largely a function of water volume. 

For perspective, from Water Years 1997 through 1999, total U concentrations at 

RFETS POE and POC monitoring stations averaged roughly one order of magnitude 

less activity than the recently established 30 pg/L MCL for drinking water. 

U concentrations in surface soils for individual isotopes throughout the Site are 

generally at background levels except in a limited number of specific source 

locations. Plumes of suficial U contamination do not exist in the same fashion as for 

Pu and Am. This is evident when reviewing the figures with kriged surface soil data 

(Figure-TA-2-8 through Figure-TA-2 12). The absence of surficial U plumes 

supports the conceptual model that identifies downward infiltration as the dominant 

transport pathway for U. 

Drainage basins with a high percentage of impervious area deliver measurably 

, higher U loads, per unit area, than basins with minimal impervious area. This 
aspect of U transport is consistent with patterns observed in Pu loading patterns. 

Drainages with higher percentages of impervious surfaces, such as the SW093 and 

GSlO Industrial Area sub-basins, deliver up to 10 times the U load to downstream 

receiving waters compared to basins with minimal impervious area. 
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TA4.5 GROUNDWATER PATHWAY ANALYSIS 

TA4.5.1 Methodology Used for Groundwater Pathway Analyses 

The general overview of groundwater actinide contaminant extent and transport patterns 

presented in this section serves to provide a basis for developing and interpreting the 

groundwater pathway analysis performed in Section TA-5.3. Unlike the Section TA-4 

discussions for surface water and air pathway transport analyses, groundwater pathway 

analyses based on measured data will be limited to discussions of actinide contaminant 

extent and transport patterns only. This approach is being taken because direct 

measurements of groundwater flux required for loading calculations are unavailable and 

must be calculated for most areas of the Site. Measurements of linear groundwater fluxes 

are available from data collected at groundwater collection and treatment systems (i.e., 

East Trenches, Mound and Solar Ponds Plume), but these measurements are only 

applicable to limited reaches of stream and cannot reliably be extrapolated across the rest 

of the Site. Groundwater actinide loading to streams will be quantitatively evaluated in 

Section TA-5.2 using groundwater flux estimates provided by the Site-Wide Water 

Balance Model. 

TA-4.5.2 General Patterns of Groundwater Actinide Transport at RFETS ' 

Extensive hydrogeologic investigations and monitoring activities involving groundwater 

movement and actinide transport in the saturated zone and, to a lesser extent, unsaturated 

zone have been conducted at RFETS to identify and understand the relationshp between 

contaminant occurrence, extent and fate. This subsection presents a Site-wide analysis of 

groundwater actinide characteristics and patterns for the data presented in Section TA-2 

and other sources as a basis for performing actinide loading calculations presented in 

late; subsections. To facilitate discussions, the groundwater pathway has been divided 

into unsaturated zone and saturated zone components, each of which affect actinide 

transport in different ways. 
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Given the similar, non-conservative geochemical behavior of Pu and Am in the aquatic 

environment (see Section TA-3), these actinides are considered jointly in transport 

analyses, with emphasis placed on Pu transport because of its greater historical use and 

abundance at RFETS. U transport patterns are considered separately because of its 

greater solubility and mobility in groundwater compared to that of Pu and Am. For 

practical purposes, the U discussion will focus on U-238 since the geochemical behavior 

of the individual U isotopes U-233/234, U-235 and U-238 are indistinguishable. 

TA-4.5.3 Plutonium and Americium Transport Patterns for Unsaturated 

Groundwater 

Pu and Am transport through the unsaturated zone to the saturated zone at RFETS is 

hypothesized to involve three basic pathways: migration of Pu-2391240 and Am-241 

from subsurface releases related to process waste line, process waste holding tank andor 

UBC: 

Infiltration of incident precipitation and runoff through contaminated soils and 

sediments resulting in the leaching or entrainment of Pu-239/240 and Am-241 as 

dissolved andor colloidal phases, possibly due to preferential flow in macropores; 

and 

Cross-contamination from drilling and well installation activities conducted in areas 

of surficial soil and sediment contamination. 

The Occurrence and vertical distribution of actinide contaminants in soils (specifically Pu 

and Am at the 903 Pad, Lip and outlying areas) have been a subject of study at RFETS 

for a period of over 30 years (Krey and Hardy, 1970; Little, 1976; Krey et al., 1977; 

Webb, 1992; Webb et al., 1993; Schierman, 1994; Ibrahim et al., 1996; Litaor et al., 

1994). Pu and Am movement from surface to shallow subsurface soils (one meter depth) 

have been observed in all test trench and pit investigations conducted in surficially- 

contaminated soil areas at RFETS, irrespective of soil type and surface soil activity- 

concentration. The main mechanism for downward movement of h and Am in the soil 
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appears to be infiltration of contaminated water through macropores. With the exception 

of groundwater sample results, data on Pu and Am migration through the soil below a 

depth of one meter are generally unavailable. The removal and disposal of Pu- 

contaminated soil associated with historical process waste line (e.g., B559) and tank (e.g., 

B774) repairs (Stewart, 1973) underscore the potential for Pu and Am migration near 

these facilities. 

Krey and Hardy (1970) found detectable amounts of Pu at a depth of 20 cm just two or 

three years after wind-blown Pu was suspected of being released from the 903 Pad. This 

result was subsequently confirmed by Little (1976) who reported measurable amounts of 

Pu at a depth of 21 cm within five to six years (1972 to 1974) after the release. These 

data indicate that Pu initially moved rapidly through the uppermost soil horizon, but was 

effectively attenuated by the deeper layers. 

In 1977, Krey et al. sampled soils to a 40 cm depth to more closely examine Pu migration 

rates and relate the results to reductions in the mean annual air concentration observed at 

sampling stations. They found that maximum Pu concentrations no longer existed at the 

soil surface, but had translocated to the 2 to 6 cm depth interval dependmg upon soil 

conditions. The vertical profile of Pu contamination was otherwise identical to the earlier 

Krey and Hardy study. Using a simple diffusion model fit to measured data, they 

estimated fractional transfer rates ranging from 25 %/yr cm to 65 %/yr cm for the 

uppermost soil layer. The model results agreed reasonably well with observed values to a 

depth of 20 cm, but underestimated Pu concentrations below that depth. They also 

concluded, based on Am-241Pu-239/240 ratio data, that Am-241 appeared to have a 

slightly greater mobility in soil. 

Webb (1992) and Webb et al. (1993) examined the Pu depth profile and concentration 

gradients presented by Little (1976) and Little and Whicker (1978) compared to similar 

data collected by the authors in 1989 and concluded that, with the exception of the 0 to 3 

cm depth, no significant differences could be discerned from the data. A similar 

comparison was undertaken by Schierman (1994) and Ibrahim et al. (1996) who 

compared their Pu depth profiles with those of Webb and Little and found no significant 
. 
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differences. These authors concluded that the stability of the soil Pu depth profile and 

Am-241/(Pu-239/240) ratios over a 25-year period provided an indication of the low 

mobility of these actinides in the soil environment. 

Further information on the vertical distribution of Pu-239/240 and Am-241 in RFETS 

soils and pedological properties that potentially control their transport was provided by 

Litaor et al. (1994). In 23 of the 25 soil pits sampled and analyzed, they observed an 

exponential decrease in actinide activity with depth similar to that reported by other 

RFETS investigators. The pattern was consistent regardless of soil characteristics, level 

of contamination, distance or direction from the 903 Pad. In soils close to the 903 Pad 

(Area A) they found that actinides may have been transported to greater depths than 

previously reported as a result of coarser soil textures and higher hydraulic conductivity 

values in this area. Biological activity (earthworms) was implicated as an upward 

actinide transport mechanism at one sampling pit (Pit 8) and evidence of intense 

earthworm activity was observed at other locations. Extensive macroporosity networks 

caused by decayed root channels were documented in the soil pits, but these networks 

were not observed at depths greater than 120 cm. Samples collected from decayed root 

channel macropores showed higher Pu-239/240 activity compared to the surrounding soil 

matrix (7.0 Bqkg and 5.9 Bqkg macropore compared to 0.03 Bqkg matrix at 90 cm in 

Pit 3 and 8.5 Bq/kg macropore compared to 1.5 Bqkg and 0.7 Bqkg matrix at 70 cm and 

96 cm, respectively, in Pit 4). Based on this data, Litaor et al. (1994) concluded that 

preferential flow along macropores was a viable actinide transport mechanism; however, 

direct macropore transport to the saturated zone was unlikely considering that the depth 

of the macropore network was limited to the upper 120 cm of soil. 

Until 1996, direct evidence of actinide transport in percolating soil waters at the Site was 

unavailable. Litaor et al. (1996) conducted a series of field experiments that evaluated 

water and actinide movement through in situ unsaturated soils east of the 903 Pad. Five 

heavily instrumented trenches (Pits 1 through 5) equipped with a series of zero tension 

samplers and tension lysimeters installed at three depth increments (0 to 20 cm, 20 to 40 

cm and 40 to 70 cm) were used to collect percolating water for actinide analysis. These a 
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samplers were purposely installed to intercept macropores where they were evident in the 

trench wall. Percolation water was created using an automated rainfall simulator to apply 

simulated rainfall events for recurrence intervals ranging from 10 to 100 years. The 

study revealed a depth pattern of Pu-239/240 activity-concentration in soil interstitial 

waters that mimicked the Pu-239/240 soil distribution reported in earlier papers. Soil 

water Pu-239/240 activity-concentrations were highest in the zero to 20 cm depth interval 

with mean values ranging from 0.71 Bq/L (19.17 pCi/L) to 2.57 Bq/L (69.39 pCi/L) 

depending on simulated rainfall amounts. At the 40 to 70 cm depth increment, mean Pu- 

239/240 activity-concentrations ranged from 0.07 Bq/L (1.89 pCi/L) to 0.16 Bq/L (4.32 

pCi/L), with the highest values reported for the 100 year rainfall event. These results, 

combined with evidence from the vertical Qstribution of volume flux and various edaphic 

conditions described for trench soils, led Litaor et al. (1996) to hypothesize that “the 

translocation of actinides to deeper soil horizons may be constrained by macropores too 

small to accommodate the transport of the discrete particles”. They also concluded that 

the observed short duration of macropore flow and presumed small soil volume 

associated with this type of flow would further minimize the movement of Pu- 

contaminated particles in the soil. Given the biased nature of the sampling approach 

(trenches located at hillside sites containing lateral soil discontinuities, extreme rainfall 

events and experimental artifacts caused by soil disturbances during sampler installation 

and macropore truncation), these results should be viewed as providing a worst case 

assessment for actinide transport to saturated zone groundwater. 

Litaor et al. (1998), expanding on the earlier work of Litaor et al. (1996), performed 

additional rainfall simulation experiments (100 year rainfall only), monitored natural 

precipitation events and characterized the fractionation of Pu-239/240 and Am-241 

among particulate, colloidal and dissolved phases in selected soil interstitial water 

samples. The small water fluxes measured in the deepest samplers (40 to 70 cm) during 

natural rain and snowmelt events (all 4 5  year recurrence interval) indicated that only a 

minimal potential exists for actinide transport to groundwater under these conditions. 

The extreme rainfall simulation events indicated that actinides were not mobilized 

downward into the soil column in large amounts, although large rainfall amounts may be 
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important in translocating small amounts of actinides downward to groundwater. The 

amount of Pu-239/240 and Am-241 remobilized from the top, most contaminated 

sampling depth (0 to 20 cm) was estimated to range from 0.002 to 0.07 % of the total 

inventory, respectively. This result is consistent with the limited penetration of these 

actinides observed in the soil and soil water depth profiles at these locations. The authors 

suggest that the Pu and Am fluxes calculated for the 40 to 70 cm depth interval for the 

large rain event experiments may indicate potential transport to groundwater under 

extremely wet condi tions. 

To assess actinide phase associations in soil waters, Litaor et al. (1998) collected seven 

soil water samples during rain simulations. These samples were fractionated into particle 

size ranges of >5 pm (particulate), >0.45 pm to 5 pm (colloids), >10 kDa to 0.45 pm 

(colloids) and e10 kDa (dissolved) and analyzed for Pu-239/240 and Am-241 content. 

Litaor et al. (1998) determined that greater that 80 % of the Pu-239/240 and Am-241 in 

all samples were associated with the >5 pm size fraction and between 83 and 97 % of 

these actinides were associated with the >0.45 pm size fraction, regardless of sampling 

depth or sample activity. From these results, the authors conclude that actinide mobility 

through soils should be limited and will depend on the spatial arrangement and continuity 

0 ' 

of the macropore network. They cautioned that deep, well-developed macropores, such 

as those formed by the Canadian Thistle, have the greatest potential to transport 

suspended particles and, hence, actinides to shallow groundwater. 

Additional information about particle and Pu mobilization in soils at RFETS is provided 

by Ryan et al. (1998). Using the soil monitoring system described by Litaor et al. (1998), 

Ryan et al. (1998) conducted additional rainfall simulations that investigated the effects 

of macropore flow on particle generation and movement. Ryan et al. (1998) observed a 

three order of magnitude decrease in soil water Pu-239/240 activity from the shallowest 

(0 to 20 cm) to the deepest (40 to 70 cm) zero tension lysimeter intervals in Pit 4. They 

concluded that Pu transport by infiltrating rainfall is significantly attenuated by the upper 

soil horizons. The authors found a lack of correlation between particle concentration, 
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particle size, infiltration velocity and soil type, which they conclude could be caused by 

flow through macropore s . 

In summary, multiple studies conducted on Pu movement through soils at RFETS 

demonstrate that Pu and Am transport is mainly limited to the upper soil horizons. Pu 

and Am are strongly associated with colloids and particles whose movement through the 

soil controls the distribution of these actinides in the unsaturated zone. Macropores are 

implicated as the most likely pathway for Pu and Am transport to deeper soil horizons (to 

70 cm). Transport of Pu and Am below a depth of 96 cm is expected to be small, based 

on available information. 

TA-4.5.4 Plutonium and Americium Transport Patterns for Saturated Zone 

Groundwater 

Figures TA-2-60 through TA-2-63 present the unfiltered mean Pu-239/240 and Am-241 

activity-concentrations, respectively, for RFETS monitoring wells. The following 

discussion will focus primarily on Pu-2391240 transport patterns given the similarities in 

transport behavior between these two actinides in the groundwater environment. 

Delineation of groundwater Pu and Am plumes has not been attempted on these figures 

considering that the mode of transport to groundwater (drilling-induced versus natural) 

has not been conclusively resolved. 

Backaround 

With rare exception (see Section TA-3), Pu and Am do not occur naturally in the 

environment, hence their presence in groundwater is necessarily indicative of an 

anthropogenic release. Groundwater Pu-239/240 and Am-241 activities measured from 

background UHSU wells at the Site are generally low, with averages of 0.005 pCiL for 

unfiltered Pu-239/240 and 0.006 pCi/L for unfiltered Am-241. These activities provide a 

baseline for comparison to the industrialized and disturbed areas of the Site. 

Concentration gradient characteristics of naturally-occurring elements, such as described 

for U in Section TA-4.5.2, are not expected to be an important factor for interpreting Pu 

and Am groundwater data. 
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Woman Creek Groundwater Basin 

Wells containing appreciable Pu-239/240 and Am-241 contamination in the Woman 

Creek basin are found around the 903 Pad and associated surface soil contaminated area 

and the Original Landfill. In the Woman Creek basin portion of the 903 Pad area, nine 

UHSU wells (0171,0271,1587,00191,00291,07191,09091,09691 and 11791) contain 

mean unfiltered Pu-239/240 activity-concentrations that exceed the groundwater Tier II 
action level of 0.15 pCi/L. The Pu-239/240 in these wells undoubtedly originates from 

surface soil contamination, although the mechanism of transport, natural versus drilling- 

induced, has been the subject of uncertainty for almost a decade. RMRS (1998) reviewed 

the available data for the 903 Pad and surrounding area wells and concluded that cross- 

contamination introduced by drilling and well installation through contaminated surface 

soils was the most likely cause of the elevated Pu and Am activity-concentrations in these 

wells. A more detailed discussion of recent field investigations designed to evaluate the 

drilling artifact contamination pathway is presented in Section TA-4.5.8. 

Well 59493 located in the Original Landfill contajns a mean unfiltered Pu-2391240 value 

,of 0.21 pCi/L, with activity-concentrations ranging from below detection to 1.037 pCi/L. 

The repeated detection of Pu-239/240 in this well indicates that some Pu contamination 

may be present in the Landfill, although the absence of Pu in other nearby and 

downgradient landfill wells tend to preclude a large or widespread source. 

Aside from the well data presented in Figures TA-2-60 through TA-2-63 and described 

above, additional unpublished saturated zone Pu-239/240 and Am-241 data was collected 

at the 903 Hillside Soil Study area during a period of unusually high groundwater levels 

in 1995 (Litaor et al., 1999). The study area is located in a hillside setting within a 

bedrock groundwater discharge area that became flooded from an extended period of 

subsurface discharge to the overlying colluvial material. Field observations of 

completely saturated soils occurring in a seepage area with a subsurface discharge source 

indicate that upwelling and subsequent lateral flow of groundwater through the colluvial 

soil cover may contribute to Pu and Am transport, at least for seepage areas located in 

soil contamination areas. Under these conditions, an increase in Pu and Am flux related 
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to lateral groundwater flow, especially through the upper, more permeable and 

contaminated soil horizons, is plausible, although the magnitude, extent and mechanism 

for this mode of actinide transport have been the subject of recent dispute. Litaor et al. 

(1999) reported that as much as 24.2 MBq (0.65 mCi) Pu-239/240 and 4.3 MBq (0.12 

mCi) Am-241 were transported across the down-gradient boundary of the soil study area 

during a 65 day period of saturation. 

These results have revived concerns among the public and regulatory agencies that Pu 

and Am migration in groundwater may pose a greater long-term off-Site threat to water 

supplies than previously thought possible and, in large part, were the impetus for the 

current AME program. Accordingly, the study results have been carefully reviewed 

resulting in many questions about the validity of the analysis and proposed actinide 

mobilization mechanism. It is generally accepted that the potential for lateral actinide 

transport in shallow contaminated surface soils is increased when fully saturated from 

below; however, the magnitude and fate of the resulting actinide flux is uncertain. With 

regard to the calculated fluxes, several aspects of the sampling methodology deserve 

scrutiny. For example, the functionality of zero tension samplers (ZTSs) designed to 

collect gravitationally-flowing water (downward vertical flow) in the unsaturated zone, 

when submerged, has not been addressed. Localized particle mobilization (up to 9,800 

m a )  has been inferred for ZTSs at RFETS during unsaturated zone infiltration 

experiments (Ryan et al., 1998). It therefore seems reasonable that flow perturbations 

caused by sampler operation will affect particle mobilization under saturated conditions, 

especially since water pressure (hydraulic head) at the soiYsampler interface will be 

significantly greater than experienced under unsaturated conditions. Furthermore, given 

that soil macropores are implicated as an important pathway for vertical actinide transport 

(i.e., vertical K > horizontal K), it is reasonable to infer that a significant fraction of 

vertical flow and actinide flux was collected by the ZTSs. Consequently, the ability of 

these devices to provide samples representative of lateral actinide transport remains 

suspect and should be viewed only as a worst case scenario. 
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The mechanism of Pu and Am transport at the 903 Hillside Soil Study area has also been 

the subject of controversy. Litaor et al. (1999) hypothesized that redox changes in 

flooded soils, from aerobic to anaerobic, were responsible for the dissolution of 

sesquioxides and release of Pu colloids into soil interstitial waters. Subsequent 

experimentation by Honeyman et al. (1999), who investigated the effect of redox 

potential on Pu solubility in RFETS soil-waters, found no evidence for Pu mobilization 

under changing redox conditions. Considering the hydrologic setting and conditions 

observed in the field, Pu mobilization via physical particle detachment from soil 

macropores may have been initiated from upward flowing groundwater, similar to the 

way a filter is backflushed. The absence of Pu in down-gradient wells (00491 and 1487; 

also see 90099 q d  90399 in Section TA-4.5.3) provides evidence that groundwater 

transport in deeper, perennially saturated colluvial material is minimal. At the soil study 

area, episodic transport of actinides during infrequent, high water table conditions may be 

locally significant for emergent seepage water and subsurface flow through the 

uppermost soil layers, but the magnitude of this process has likely been overestimated 

with the available data because of experimental artifacts. In any event, any actinide flux 

associated with shallow subsurface flow that migrates toward Woman Creek will be 

intercepted by the SID, which extends well below the base of the uppermost Pu 

contaminated soil horizons. 

Walnut Creek Groundwater Basin 

The Walnut Creek groundwater basin contains all of the major Pu and Am processing 

buildings, much of the process waste line and holding tank systems, the Solar 

Evaporation Ponds, the northern portion of the 903 Pad and Lip areas, the A- and B- 

series ponds, the former Present Landfill and other potential areal actinide source areas. 

Consequently, this basin contains perhaps the greatest potential for Pu and Am transport 

to surface water. Historical Pu-239/240 and Am-241 groundwater data is somewhat 

sparse within the PA, except for the Solar Ponds area. The lack of monitoring wells in 

critical areas, such as the PA, is currently being addressed by the implementation of D&D 
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monitoring well networks around key buildings, including, but not limited to, Buildings 

371,559,771,707,776/777,779 and 991. 

Groundwater Pu-239/240 and Am-241 activity-concentrations elevated above Tier II 
action levels are found in eighteen wells in the Walnut Creek groundwater basin. Eight 

of the eighteen wells (wells 00191,06591,06691,06891,06991,08891,13191 and 

13491) are located in the northern portion of the 903 Pad area. The source of Pu and Am 

in these wells is identical to the southern portion; hence, the previous discussion of 

transport mechanisms applies to this basin as well. The main difference with the Woman 

Creek basin is that surface soil contamination at seepage areas in the Walnut Creek basin 

is less widespread and lower in activity, which lessens the potential for s ighcant  lateral 

Pu and Am transport through the uppermost soil horizons. In the Industrial Area, Pu 

contamination was also detected in well P3 13489 near former B663 and B668 storage 

areas; well 5671 at B122; well 3686 in South Walnut Creek above Pond B-1; and in Solar 

Pond wells 2286 and P209189. The contamination in these wells is thought to result 

from inadequate precautions taken during drilling and well installation to prevent 

contaminated soil from entering the well intake zone. The same transport mechanism is 

probably responsible for the Pu-239/240 contamination found in former well 1286 

located above Pond A3 and boundary well 41691. The Pu contamination detected in 

former Present Landfill wells 6387,72093 and 72393 is possibly related to low-level 

radioactive wastes buried early in the history of the Landfill. 

East Drainaaes Groundwater Basin 

As shown in Figure TA-2-70, the East Drainages groundwater basin is located east of the 

Industrial Area in an area that is hydrologically isolated from most Site activities. 

Historical Site impacts to this basin are mainly related to operation of the former South 

Spray Field, which temporarily reactivated spring and seep sites at the rim of the plateau 

and wind-blown actinide contamination (principally Pu and Am) from the 903 Pad. 

Because of it’s isolation and absence of significant actinide source areas, the basin has 

received little attention except at the Site east boundary, where groundwater monitoring 

has been conducted to verify compliance with RFCA. 
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Examination of the East Drainages basin well data given in Figures TA-2-60 through TA- 

2-63 indicate that Pu-239/240 and Am-241 occur at background levels. In consideration 

of this information and its hydrologic isolation from potential source areas, the basin is 

not viewed as a significant pathway of concern for long-term off-Site migration of Pu or 

Am. 

Site-Wide LHSU Groundwater 

The lateral distribution of Pu-239/240 and Am-241 in LHSU groundwater is shown in 

Figures TA-2-65 and TA-2-66. These figures are supplemented by a table showing the 

Site-wide vertical distribution of Pu-239/240 with depth (Table TA-4- 13). These figures 

demonstrate that Pu-239/240 and Am-241 activity-concentrations in LHSU groundwater 

are generally below detection. Wells with detectable Pu-239/240 and Am-241 are rare 

and tend to occur in areas with known surface soil contamination. Seven wells contain 

mean Pu-239/240 activity-concentrations above 0.05 pCi/L; these are 1687,46692, 

46792,46892,22193, B204189 and B217789. There appears to be no correlation 

between well and fault location for any of the wells listed above. 

RMRS (1996) attributed Pu-239/240 and Am-241 detections in LHSU wells to drilling- 

artifact contamination based on consideration of well locations, drilling methodology and 

trend plot interpretation. An additional approach to understanding the vertical 

distribution of Pu-239/240 in groundwater shown in Table TA-4-13 involves an 

interpretation of the environmental isotope data collected at FWETS during the early 

1990s. Environmental isotopes consist of various natural1 y-occurring, light stable and 

radioactive isotopes which, depending on the isotope and application, are capable of 

providing information about the history and/or source of water or solutes. In hydrologic 

studies, the most commonly employed environmental isotopes for tracing water 

movement are the rarer, heavier isotopes of oxygen and hydrogen, specifically oxygen-18 

(0-18), deuterium (H-2 or D) and tritium (H-3 or T), that comprise a minor fraction of 

oxygen and hydrogen isotopes in water. Interpretation of stable 0-18 and D data is 

dependent upon small but significant variations in isotopic content that are created by 

temperature-dependent fractionation processes, including evaporation and condensation. 
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These variations are transmitted in recharge water to groundwater where they are 

essentially preserved until discharged again as surface water. Under normal groundwater 

temperatures (c 80 degrees C), 0-18 and D are not affected by reactions with geologic 

materials, thus they behave as conservative tracers of water movement through an aquifer 

or confining layer pontes, 1981). In recent years, the vertical 0-18 andor D distribution 

in confining layer groundwater has been utilized by some researchers as a low-resolution 

indicator of paleoclimate change (Remenda et ai., 1994). 

This information, considered with the vertical distribution of Pu-239/240 shown in Figure 

TA-4-19 and tabulated in Table TA-4-13, strongly implies that vertical Pu transport into 

and through the LHSU is highly unlikely. For Pu transport to occur in bedrock, it would 

be expected that the associated groundwater would also contain detectable amounts of H- 

3 and an UHSU-type 0-18 signature. Table TA-4-13 indicates that LHSU wells 

containing detectable Pu-239/240 are untritiated and isotopically heavier than UHSU 

groundwater, thus another mode of transport, such as drilling artifact contamination or 

analytical problems are implicated as the likely cause of Pu (and Am) contamination in 

these wells. Some analyses from many of these wells are clearly problematic. For 

example in almost every LHSU well, single spurious results account for the high mean 

values in these wells compared to other LHSU wells. With the exception of wells 22193 

and B204189, all of the LHSU bedrock wells were drilled in areas of known Pu soil 

contamination without utilizing surface soil isolation techniques (isolation techniques 

were used in well 22193). The problem of potential cross-contamination in these wells is 

therefore identical to that of the UHSU wells described in Section TA-4.5.3. 
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09691 UHSU 6.9 9 8 0.0483 1.1 0.319 -14.82 20.1 
P209189 UHSU 13.9 11 11 0.0834 0.51 0.307 -1 3.29 N/D 
06591 UHSU 25.1 12 12 0.7779 2.9 1.505 -1 3.83 1.4 
25093 UHSU 30.4 2 1 0.008 0.2 0.104 N/D N/D 
02991 UHSU 31.2 11 2 0.002 0.8 0.1 12 -14.63 23.2 
24993 UHSU 31.2 2 1 0.009 0.21 0.1 10 N/D N/D 
00291 UHSU 33.0 12 11 0.042 0.78 0.241 -1 3.74 <0.8 
22193 LHSU Bedrock 44.5 9 1 -0.001 0.41 54 0.049 -1 3.67 ~0.8 
IB217789 LHSU Bedrock 54.3 2 1 0.0064 0.1438 0.075 -1 1.94 ~ 0 . 8  
46692 LHSU Bedrock 55.0 11 3 0 0.9696 0.103 -12.53 ~ 0 . 8  
46792 LHSU Bedrock 79.8 3 1 0 0.53 0.189 -1 1.79 ~ 0 . 8  
82041 89 LHSU Bedrock 84.7 6 1 -0.0008 10.32 1.721 -1 1.865 <0.8 
1687 LHSU Bedrock 90.3 13 5 0.0074 0.42 0.087 -1 2.07 ~ 0 . 8  
46892 LHSU Bedrock 129.9 6 2 0.001 0.48 0.097 -1 2.48 ~ 0 . 8  
N/D = not determined 
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TA-4.5.5 Uranium Transport Patterns for Unsaturated Zone Groundwater 

U transport patterns in unsaturated zone groundwater have received relatively little attention 

compared to Pu and Am at RFETS. This situation exists partly because U occurs naturally, 

partly because the fate of U in soils is better understood than the other two actinides and partly 

because the health risks associated with U are lower than with Pu or Am. In addition, most 

potential U sources are buried and, outside of the Solar Ponds, have produced only limited 

indications of contamination in the underlying saturated zone. It is worth noting that elevated U 

detections in groundwater are usually associated with source areas where liquid wastes were 

released to the subsurface; elevated groundwater U is not normally seen in source areas 

containing buried solid U wastes, includmg as the Ash Pits and East Trenches. 

Physical and chemical data for unsaturated zone geologic materials and pore waters have been 

collected by DOE (1994) at the Solar Evaporation Ponds (SEPs). Among the investigations 

performed were soil sample analyses for U isotopes (U-233/234, U-235 and U-238) and the 

installation and sampling of 15 single and/or dual lysimeters inside and around the perimeter of 

the ponds. The highest soil U concentrations were found immediately beneath the SEPs in the 0 

to 6 foot interval. Maximum concentrations detected were 21 pCi/g U-233/U-234,0.87 pCi/g U- 

235 and 11.46 pCi/g U-238, with most analyses exceeding their respective calculated 

background values (n = 134). Pore water samples were collected from the lysimeter network for 

a six-month period. All three U isotopes were detected at both the upper and lower lysimeters. 

In general, unfiltered pore water U concentrations were highest beneath or adjacent to the SEPs. 

Maximum unfiltered U isotope concentrations detected in the upper lysimeters were 733 pCi/L 

U-233/U-234; 47 pCi/L U-235; and 671 pCi/L U-238. In the lower lysimeters, the maximum 

unfiltered U isotope concentrations were 3,400 pCi/L U-233/U-234; 120 pCi/L U-235; and 3,700 

pCi/L U-238. Unfortunately, these concentrations cannot be directly compared to the saturated 

zone results presented in the next section because of differences in sample preparation (lysimeter 

samples were unfiltered, well samples were filtered). 
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TA4.5.6 Uranium Transport Patterns for Saturated Zone Groundwater 

Relatively high concentrations of the U isotopes U-233/234, U-235 and U-238 have been found 

in groundwater in disturbed and undisturbed areas of the Site. As described in Section 3.6, high 

groundwater U concentrations are not uncommon for the region and, gwen the relative mobility 

of U in the subsurface environment, have the greatest potential of the actinides considered in this 

report to affect surface water quality on Site. Gaining an understanding of natural background U 

concentrations is critical for evaluating the distribution of anthropogenic U in groundwater at 

RFETS. To this end, special background and ICP/MS isotope ratio analytical studies have been 

undertaken by RFETS over the last decade to address the issue of differentiating anthropogenic 

from natural U. 

Background areas for groundwater U data comprise the Rock Creek and Lower Smart Ditch 

basins and the South Woman Creek sub-basin. These basins are delineated mainly based on 

physical hydrology and the absence of historical plant activities that could have released 

radionuclides to groundwater. As a result, background data are only available for areas that are 

up-gradient or cross-gradient of the Industrial Area; no pre-plant background data are known to 

exist for the Industrial Area and down-gradient lower Woman Creek and Walnut Creek 

groundwater basins. 

As presented in Section 2.8.1, mean background concentrations for U isotopes have been 

determined for the UHSU and LHSU flow systems (EG&G, 1993) and UHSU alluvium (RMRS, 

1996). These values provide an initial benchmark for assessing the U isotope contents of non- 

background groundwater, but fail to account for natural concentration gradients that exist for U 

as groundwater flows eastward across the Site. This phenomenon was first reported for selected 

groundwater flow paths by EG&G (1995) and follows a general trend of increasing 

concentration for most major and minor non-radioactive, inorganic constituents. The presence of 

a Site-wide, background groundwater U gradient has important implications for facility 

compliance with RFCA, as ambient U concentrations at the east boundary are projected to 

exceed the current, mean background action levels. @ 
4-53 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I 05-01 

Figure TA-4-20 illustrates the horizontal Site-wide pattern of filtered U-238 for UHSU 

background wells plotted as a function of distance from the west boundary (state plane easting 

coordinates). This approach is based on consideration of regional groundwater flow patterns, 

which indicate a prevailing eastward flow direction through the Site. The trend in U-238 

concentration is indicated with a moving average (n=5) that show U-238 increasing by over an 

order of magnitude from west to east. This trend suggests that most of the U in UHSU 

groundwater near the east boundary probably results from natural rock-water interactions. 

Consideration of the vertical Site-wide distribution of U-238 (Figure TA-4-21) indicates that 

groundwater interaction with bedrock materials, coupled with a general decrease in saturated 

thickness and extent from west to east, may be an important factor in controlling the UHSU U 

concentration gradient across the Site. 

ICP/MS U isotope ratios were determined for ten background wells (B405489, B302089, 

B302789, B305389,10294,11294, B102289, B200589, B201589 and B205589) located in the 

Woman Creek, Lower Smart Ditch and Rock Creek basins. As expected, all U-235/U-238 and 

U-236/U-238 ratios from these wells fall within the ranges expected for natural U (U-235/U-238 

= 0.0072 and U-236rU-238 = 0), thus demonstrating that relatively high U concentrations (above 

10 pCi/L) occur naturally within the Site, especially near the downgradient (north and east) 

a 
boundaries. 

The filtered mean U-233/234, U-235 and U-238 background concentration patterns presented in 

Figures TA-2-64 through TA-2-69, respectively, indicate that below Tier II concentrations 

generally occur in the western third of the Site in areas dominated by the Rocky Flats Alluvium. 

Areas of higher background U concentrations tend to be found in the valley bottoms after 

groundwater from the upland areas has had an opportunity to interact with underlying permeable 

bedrock sandstones or UHSU bedrock materials contained within hillslope colluvial deposits. 

Compared to the background portion of the Woman Creek basin, the relatively low U 

concentrations observed in stream valley alluvium wells in the lower Rock Creek basin (Le., 

B202489 and B202589) probably reflect the greater amount of spring discharges, which issue 

from the base of the Rocky Flats Alluvium. In many cases, spring flow discharges directly to the 

creek as surface water, thus directly recharging the stream valley alluvium. Furthermore, 
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groundwater flow paths from the Rocky Flats Alluvium to valley bottom materials in the Rock 

Creek basin tend to be shorter than in the background portion of Woman Creek. 

Woman Creek Groundwater Basin 

Further subdivision of the non-background well data by major groundwater basins provides 

additional information about the UHSU U groundwater distribution at the Site. The Woman 

Creek groundwater basin contains the southernmost portion of the Industrial Area, including the 

400 and 800 building complexes, MSS 119.1, Original Land Fill, Ash Pits, Ryan’s Pit, southern 

part of the 903 Pad, South Spray Field and C-series ponds. Portions of the original process waste 

line and tank system associated with Buildings 444,881 and 883 are also located within the 

basin. As shown in Figure TA-2-62, numerous wells have been installed and monitored on 

hillsides and drainage reaches below potential source areas, thus providing a fairly 

comprehensive picture of U distribution in potentially affected areas of the basin. 

Figure TA-4-22 illustrates the trend of non-background wells present in the Woman Creek 

groundwater basin. Above-background concentration peaks are observed in the trend line in the 

vicinity of Industrial Area facilities, such as the Original Land Fill and Building 881 (also see 

Figure TA-2-64); however, the general trend is consistent with the background trend. Perhaps 

significantly, groundwater U concentrations in the vicinity of the Building 400 complex, a well- 

known U processing area, do not appear to be elevated, although the building foundation drain 

and sump system may restrict or contain groundwater movement beneath the building. The 

flattening of U-238 concentrations evident in the lower Woman Creek basin area (below the C-2 

pond) may reflect the influence of sampling bias, as all wells in this area are located near the 

stream. Woman Creek originates off-Site and is expected to contain lower U contents than the 

surrounding colluvial groundwater. ICPMS ratios> for two stream valley alluvial wells (00193 

and 10394) indicate a natural signature for groundwater U associated with this segment of the 

streamhydrogeologic system for the lower Woman Creek basin. 

On the basis of ICPMS U isotope ratio testing, anthropogenic (depleted) U has been detected in 

groundwater associated with the Original Land Fill (well 61093) and Ryan’s Pit (well 07391). 

The extent of anthropogenic U in the Original Land Fill appears to be limited, as the ICP/MS 
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ratios from two wells (59393 and 59793) within the >5 pCiL isoconcentration contour exhibit 

natural ratios. The largest area of elevated Industrial Area groundwater U, that associated with 

Building 881, appears to be entirely natural based on the ICPMS results from six wells (0487, 

5387, 10592,37791,36391 and 37991). A natural U isotope signature is also reported for well 

04991, located down-gradient of the former South Spray Field. A small, isolated area of greater 

than 5 pCi/L U-238 is also delineated by wells 2987,01291 and 23196 on the 903 Pad Hillside 

south of the old firing range. This information demonstrates that the distribution of groundwater 

anthropogenic U in the Woman Creek basin is limited and coincides mainly with buried sources. 

Additional ICPMS testing in areas of other potential sources, specifically the Ash Pits and 903 

Pad, would be required to more fully define the extent of anthropogenic U in this basin. 

Walnut Creek Groundwater Basin 

The Walnut Creek groundwater basin contains the largest concentration of potential Industrial 

Area and Buffer Zone anthropogenic U sources, including numerous production and support 

buildings, the Solar Evaporation Ponds, 903 Pad, the Mound and East Trench sites, the Present 

Landfill and the A- and B-series ponds. Active groundwater remediation for U is currently 

underway for the Solar Ponds Plume and underground releases of radionuclides are known to 

have occurred from process waste line leaks and breaks. Accordingly, a significant amount of 

groundwater investigation has been and continues to be conducted for this area of the Site, 

including current efforts involving the D&D groundwater monitoring of individual production 

buildings and complexes. Figure TA-2-75 illustrates the approximate boundaries of this basin. 

Figure T A 4 2 3  illustrates the U-238 concentration trend with distance of non-background wells 

present in the Walnut Creek groundwater basin. As might be expected, the most prominent U- 

238 concentration peak in the moving average trend line (n=5) coincides with the Solar Ponds. 

From the west boundary to mid-Industrial Area, the trend line is relatively flat or slightly rising 

reflecting the influence of the thicker saturated portion of the Rocky Flats Alluvium flow system 

in this part of the basin. U-238 concentrations rise and fall sharply in the eastern half of the 

Industrial Area, mainly as a result of Solar Ponds influence and resume a general increasing 

trend that approximates the background groundwater U trend. The trend line starts to flatten out 

at the easting 2089000 coordinate and shows a declining trend eastward to the east boundary. 
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The significance of this decline is thought to be related to the Pond A-4 and B-5 dams, which, by 
e 

design, cutoff alluvial and shallow bedrock groundwater flow and cause mixing of groundwater 

with surface water. A portion of the water discharged from the pond, which contains a 

significant fraction of imported water with low U contents (average U-238 concentration of 0.5 1 

pCi/L (DOE, 1995), infiltrates into the streambed and recharges the alluvial groundwater system 

(lower Walnut Creek is primarily a losing stream reach). Neglecting the influence of any future 

anthropogenic U transport in the lower Walnut Creek basin, it is expected that U concentrations 

will eventually rise to original background levels following the cessation of water importation at 

closure. 

Groundwater U ICPMS ratios were determined for selected wells located within the Solar Ponds 

Plume, East Trenches area, Building 886 and along the drainage courses of North and South 

Walnut Creeks east of the Industrial Area. Anthropogenic U signatures were reported for wells 

P209189 and P209489 (depleted) and P209589 and 42993 (enriched) in the Solar Ponds Plume; 

well 07991 (depleted) in the East Trenches area; and well 41691 (possibly depleted) at the east 

boundary. Normal background ratios were reported for six other Solar Pond Plume wells (1586, 

P207689, B208689, P209889, B210489 and 43993); all drainage wells (except 41691) located 

below the Industrial Area and Present Landfill; well 03991 located down-gradient from the East 

Trenches and North Spray Field; and Well 22996 located down-gradient of B886. This 

information indicates that, despite its relative mobility in groundwater, U transport tends to 

remain relatively localized near source areas at RFETS. This observation may also hold true for 

the potential anthropogenic U signature at well 41691, which has historically contained above- 

background concentrations of Pu-239/240 and Am-241 and appears to be located within the 

footprint of a former pond shown on an early RFETS map. 

I 

@ 

Additional areas showing >5 pCi/L U-238 in the Walnut Creek basin include well P219189 

(mean U-238 = 42.28 pCi/L) located down-gradient of B774. The available U isotope data from 

Industrial Area monitoring wells indicate that any U releases from the process waste line system 

were probably minor or of limited extent, as large areas of elevated U are not evident in Figures 

TA-2-64 through TA-2-69. However, additional U data from down-gradient areas of the Eighth 
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Street utility comdor and selected Protected Area buildings, including the process waste line 

breaks reported at B559, are needed to verify these preliminary conclusions. 

East Drainaaes Groundwater Basin 

Due to its limited basin length and low well density, East Drainages basin U-238 data have not 

been plotted against distance to examine concentration trends. Mean U-238 concentrations for 

boundary wells 0286,0386,41591 and 06491 range from 6.99 to 18.51 pCi/L and fall within the 

expected concentration range for groundwater at this locality based on comparison to the 

background U-238 concentration trend. U ICPMS ratios for all wells tested in the basin (wells 

06291,0286,0386 and 06491) and well 04991, located just outside of the basin down-gradient of 

the South Spray field, exhibit a natural U signature. Consequently, there appears to be no 

evidence that Site operations have contributed appreciable amounts of anthropogenic U to 

groundwater in the basin. 

TA4.5.7 Site-Wide LHSU Groundwater 

An understanding of U concentrations in LHSU groundwater is relevant to evaluating U 

transport potential to the underlying hamie-Fox Hills Aquifer. Analysis of vertical 

contaminant migration potential at the Site has previously been performed for dense, non- 

aqueous phase liquids (DNAF'Ls) and resulting volatile organic contaminants, but U transport 

applicable to U because of its presence in the dissolved phase, vertical migration through LHSU 

materials and dissimilar geochemical behavior in oxic and anoxic aqueous environments. The 

reader is referred to the original analysis for more details on analysis methods and assumptions, 

LHSU lithologic and hydraulic properties and discussion of results. 

The lateral distribution of U isotopes in LHSU groundwater is shown in Figures TA-2-72 

through TA-2-74. These figures, together with the vertical distribution of U-238 provided in 

Figure TA-4-21, indicate that U concentrations are significantly lower in LHSU groundwater 

compared to UHSU groundwater. This decline in concentration with depth seems to coincide 

with the transition from weathered to unweathered bedrock, which averages about 40 feet below 
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the bedrock surface. None of the wells located near inferred bedrock faults show evidence of 
e 

elevated U concentrations that might indicate enhanced vertical migration. It is not known . 

conclusively, however, whether the wells are completed close enough to fracture zones to 

monitor their effect, if any, on downward contaminant migration ( R M R S ,  1996). To date, U 

ICPMS ratios have not been tested for any LHSU wells primarily because none of the wells 

indicate concentrations that are suggestive of a potential contamination problem. 

Factors that affect the vertical U distribution in groundwater at RFETS include the rate of 

vertical groundwater flow and U fluxes and retardation mechanisms, such as solubility, 

precipitation and sorption. Considering the absence of environmental tritium in groundwater 

samples presented earlier in Table TA-4-13, it seems likely that a low vertical groundwater flux 

is the main reason why U concentrations have remained low in the LHSU. The decline in U 

concentration with depth below the weaihered bedrock surface (about 40 feet below bedrock 

surface) is potentially controlled by transition of soluble U(V1) to relatively insoluble U(IV), as 

dissolved oxygen in the groundwater is consumed by carbonaceous matter as it moves vertically 

deeper into the flow system. RMRS (1996) has postulated that carbonaceous matter (1.03 %) 

contained within the claystone confining layer would have a significant role in attenuating 

organic contaminants as a result of increased sorptive capacity and dissolved oxygen 

consumption (abiotic degradation facilitation). Similar processes are expected to control U 

transport through the LHSU, insomuch that oxygen consumption will lower the Eh resulting in a 

decrease in U solubility. Consequently, any increased concentrations of anthropogenic U found 

in the overlying UHSU flow system (e.g., Solar Ponds) which migrate into the LHSU are 

expected to be attenuated to a significant degree by solubility limitations set by local redox 

conditions. Additional geochemical modeling of U speciation and transport beyond that 

conducted by Ball (2000) would be necessary to investigate whether this explanation is a viable 

attenuation mechanism for U removal from groundwater, should transport be detected in 

monitoring wells. 

' 
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TA4.5.8 Actinide Drilling-Artifact Contamination Investigation 

Backarou nd 

The potential migration of Pu-239/240 and Am-241 from surface soils to groundwater at RFETS 

is being considered as part of the long-term remedial strategy currently under evaluation for Site 

closure implementation by DOE, the Kaiser-Hill Team and the Actinide Migration Evaluation 

Group. Existing data on actinide migration at RFETS was summarized for the development of a 

conceptual model designed to gain an understanding of actinide transport pathways active at the 

Site (DOE, 1997). Over 30 monitoring wells at RFETS were found to contain mean 

groundwater Pu-239/240 and Am-241 activity-concentrations that exceeded RFCA Tier II action 

levels (0.15 pCiL and 0.145 pCiL, respectively) for these contaminants (DOE, 1997). 

Groundwater interactions with surface water are inevitable as virtually all shallow groundwater 

on Site flows toward the major stream drainages and is eventually discharged to surface water 

via streams or reservoirs. Consequently, groundwater was characterized as representing a 

potential long-term threat to surface water based on a preliminary review of the available data. e 
The presence of pU-239/240 and Am-241 in groundwater samples at RFETS has been the subject 

of much speculation and study (DOE, 1997; EG&G, 1995; CDPHE, 1996; Harnish et al., 1994 

and 1996; Litaor, et al., 1996). These contaminants are usually considered relatively immobile in 

the soil and groundwater environment due to their low aqueous solubility and tendency to 

strongly sorb on soil media (Cleveland et al., 1976; Honeyman and Santschi, 1997). Most wells 

with exceedances are located near potential source areas, such as the 903 Pad, but some are 

located at great distances from sources, including monitoring wells located at the east Site 

boundary along Walnut Creek. Colloid facilitated-transport of radionuclides in groundwater has 

been reported in the literature as being a potentially important mechanism for increased 

radionuclide mobility in the subsurface. Alternatively, it has been speculated that well 

completion zones may have been cross-contaminated when drilling through radionuclide-bearing 

surface soils or sediments found near source areas. 

Because a significant disparity exists between observed versus expected Pu-239/240 and Am- 

241 groundwater contaminant dstributions, further evaluation of historical groundwater Pu- 
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239/240 and Am-241 data and potential transport pathways was undertaken in 1998 to assess the 
a 

significance of groundwater action level exceedances reported for RFETS monitoring wells 

( R M R S ,  1998). This analysis concluded that much of the Pu-239/240 and Am-241 

contamination detected in groundwater probably occurs from residual surface soil contamination 

introduced to the borehole during drilling and well installation operations (drilling-artifact 

contamination). Groundwater samples collected from these wells using historical RFETS 

sampling techniques (i.e., bailing) have the unavoidable effect of suspending contaminated 

drilling-artifact soil materials, thus creating artificially high contaminant levels. Under these 

circumstances, existing groundwater sampling results are unreliable indicators of groundwater 

contaminant concentration and transport. 

Well drilling and installation using special surface-casing techniques offer a means to minimize 

or eliminate drilling-artifact contamination as a source for Pu-239/240 and Am-241 detections in 

groundwater samples. When paired with existing monitoring wells containing Pu-239/240 and 

Am-241, monitoring wells installed with special surface-casing techniques can 1) provide a basis 

for assessing the effects, if any, of drilling-artifact contamination on groundwater sample quality; 

and 2) allow for the collection of groundwater samples that more accurately represent 

contaminant concentrations and transport conditions. Non-paired, specially-cased monitoring 

wells were installed in 1994 to evaluate elevated Pu-239/240 and Am-241 activity- 

concentrations in the lower Walnut Creek drainage and to upgrade boundary monitoring well 

integrity in other RFETS drainages (EG&G, 1995). No Pu-239/240 and Am-241 contamination 

above Tier 11 groundwater action levels was detected in any of the wells installed under this 

program. Until 1999, monitoring wells installed with special surface-casing techniques were not 

paired with existing monitoring wells to validate or invalidate radionuclide detections found in 

the original well. 

a 

TvDe and Extent of Contamination 

Soils 

Actinide transport to groundwater from contaminated surficial soils is a primary concern at 

' RFETS. As shown in Figure TA-2-8, widespread areas of the Buffer Zone and localized areas in @ 
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the Industrial Area have received windblown Pu-239/240 surface soil contamination. Vertical 

soil profiles of Pu-239/240 activity-concentrations for the uppermost 96 cm (3 feet) of RFETS 

soils presented in RMRS (1998) and Litaor et al. (1994) indicate that Pu movement is mainly 

restricted to the top 20 to 25 cm of soil. Pu-239/240 activity-concentrations exponentially 

decline below a depth of about 12 cm (Litaor et al., 1994) to less than 1 pCi/g at 72 cm. Elevated 

Pu activity-concentrations were detected in soil macropores (Le., root channels) compared to the 

surrounding soil matrix, but extensive macropore development was not observed below a depth 

of 120 cm (4.0 feet) (Litaor et al., 1994). This depth roughly corresponds with the average depth 

of most RFETS grass and forb root systems as reported in Weaver (1920). According to Weaver 

(1920), many grassland plants have root systems that can exceed a depth of 5 feet and some can 

attain maximum depths in excess of 10 feet. This information suggests that deep soil macropores 

may be present at RFETS, but these macropores should be relatively unimportant as a source 

medium for drilling-artifact contamination. 

Groundwater 

Figures TA-2-60 and TA-2-61 illustrate that wells containing unfiltered Pu-239/240 

contamination (colored dots) are generally associated with surface soil contamination areas 

(color-shaded contours). The highest groundwater unfiltered Pu-239/240 activity-concentrations 

are found in alluvial wells at and east of the 903 Pad. Elevated unfiltered Pu-239/240 activity- 

concentrations are also found in certain bedrock wells in this area, including well 11791, as 

described in RMRS (1998). 

Activity-concentration plots of unfiltered Pu-239/240 and Am-241 for wells 1587,06991, 11791 

and P313489 presented in RMRS (1998) indicate that, with the exception of well 1587, Pu- 

239/240 and Am-241 activity-concentrations have generally declined with time. The reason for 

this decline is thought to result from the flushing of contaminants in the borehole disturbed zone 

caused by routine sampling activities. 

April 2002 4-62 

~~ 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

TA4.5.9 Summary of Groundwater Pathway Analysis 0 
Pu-239/240 and Am-241 are relatively immobile in unsaturated soils. Soil profile data 

collected at the 903 Pad over the past three decades demonstrate that movement is limited 

mainly to the uppermost 20 cm of soil. Small amounts of these actinides have penetrated 

deeper into soil presumably via macropores, which occur to a depth of about 100 cm below 

ground surface. Considering that over three decades have passed since these actinides were 

first released to 903 Pad area soils, the low activity-concentrations (el pCi/g) in soil and 

soils waters at and below 70 cm indicate that the flux of these actinides to shallow 

groundwater is expected to be small. 

Pu-239/240 and Am-241 are found in low activity-concentrations (~0.15 pCi/L) in 

UHSU wells usually associated with surface and near-surface soil contamination areas. 

Pu-239/240 and Am-241 groundwater contamination is generally not found in areas outside 

of surface soil contamination areas, including the RFETS Industrial Area. This situation 

indicates that widespread contamination from potential underground Industrial Area actinide 

sources, such as process waste lines and buildings, is not present in the UHSU. The only 

contamination found that was not attributable to surface soil contamination occurs at the 

Present Landfill, where low level radioactive wastes were buried soon after landfilling 

operations began. Additional areas of local-scale contamination may still be discovered as 
D&D monitoring programs for individual building closures are implemented over the next 

few years. 

Recent sampling results from the actinide drilling-artifact contamination investigation 

confirm that trace activity-concentrations of these actinides are found in UHSU groundwater 

associated with surface-contaminated soils. These results are generally below Tier II action 

levels and are significantly lower than activity-concentrations previously reported for older 

companion monitoring wells. The significance of these detections is still subject to 

uncertainty until analytical and/or sampling variations are better quantified and understood. 

Consequently, further investigation may be necessary to refine analytical and sampling 

techniques for the reliable measurement of low activity-concentrations of these actinides. 
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a Vertical migration of Pu-239/240 and Am-241 from surficial hydrostratigraphic units to 

the Laramie-Fox Hills Aquifer is not implicated as a significant transport pathway. For 

LHSU groundwater to be contaminated, it follows that the overlying UHSU groundwater 

must also be contaminated. Until the source and concentration levels of Pu-239/240 and 

Am-241 in the UHSU are confidently established, the issue of contamination in the LHSU 

can not be completely addressed. Nevertheless, the available LHSU hydrogeologic and 

environmental isotope data indicate that Pu-239/240 and Am-241 should not have been 

transported deep into the groundwater flow system beneath the Site, except possibly by 

cross-contamination of surficial soils during drilling and well installation. The lack of 

consistent and repeatable detections of these actinides in LHSU wells showing contamination 

is further reason to doubt their presence in deep groundwater. 

On the basis of U isotope I C P M  analyses, anthropogenic U contamination associated 

with Site activities has been detected in UHSU groundwater at various areas in the 

Industrial Area; however, it is erroneous to equate high U activity-concentrations with 

contamination. Background U activity-concentrations are observed to increase 

approximately an order of magnitude from the west boundary to the east boundary. This 

trend indicates that a natural concentration gradient exists across the Site, which must be 

considered when evaluating groundwater U data. Other than anthropogenic U isotope levels 

in the Solar Pond Plume, the highest U isotope activity-concentrations on Site occur in 

background areas. It is difficult to detect anthropogenic groundwater U contamination in the 

UHSU except in a few Industrial Area localities. 
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TA-4.6 AIR PATHWAY ANALYSIS 

TA-4.6.1 Sources of Airborne Actinides at RFETS 

The Site has been a source of airborne actinides throughout its history. Over time, small 

amounts of Pu, Am and other actinides have been deposited on or mixed with surface soils at the 

Site. Wind or mechanical disturbance of the contaminated soil can result in actinide-laden soil 

particles becoming airborne. These resuspended particles, along with particles emitted from 

building stacks and vents, are transported some distance downwind before being deposited on the 

ground or in water by a variety of mechanisms that remove particles from the air, such as rainout 

or dry deposition. As a result, airborne migration is one of several transport pathways that 

redistribute actinides in the environment in the vicinity of the Site. 

Current sources of airborne actinide emissions at the Site include stack emissions, wind erosion 

of contaminated soils and projects that dsturb contaminated soil or handle other contaminated 

materials. Tritium has historically been the only gaseous radionuclide of interest at the Site and 

it is no longer emitted on a routine basis. Other airborne radionuclides are released as particles. 

Stack emissions are a small component of total emissions because most are vented through high 

efficiency particulate air (HEPA) filters, which results in very low particulate emissions. Stack 

emissions typically account for 1 % or less of the annual airborne dose from the Site (Radian, 

2000). 

Actinide resuspension due to natural phenomena at the Site is episodic in nature and influenced 

primarily by meteorological variables (wind speed and rainfall); soil properties (moisture level 

and particle size and density); and surface characteristics (density and type of vegetative growth 

and presence or absence of snow cover). Given the density of vegetation growing on the 

contaminated soil areas of the Site, a primary source of contaminated soil resuspension is likely 

to be the dust-laden vegetation and litter, with less potential for direct resuspension from soil 

surfaces except during high wind events or after disturbances. Wind erosion of contaminated 

soil occurs mainly outside of the Industrial Area because of the large amount of surface area 

within the Industrial Area that is covered by buildings, roads and parking lots. 

?. 
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Wind erosion is generally a function of wind speed raised to a power-therefore, as the wind 

speed increases, soil and actinide emissions increase in a nonlinear fashion. Some types of 

surfaces have been shown to have a definite threshold for initiation of wind erosion; significant 

wind erosion does not occur until winds exceed this threshold velocity. Wind tunnel studies at 

RFETS, however, have not demonstrated a definite threshold for wind erosion, although erosion 

has been shown to increase rapidly when winds at 10 meters height increase above 

approximately 40 miles per hour (mph) (MRI, 2001). Below those speeds, resuspension of soil 

occurs but at a very low rate. This lack of a definite threshold for initiation of wind erosion 

occurs because there are multiple contributors to wind generated particulate matter emissions: 1) 

bulk soil; 2) settled surface dust trapped by vegetation; and 3) the vegetation itself. The particle 

releases from these reservoirs are all driven by different mechanisms, each with different wind 

speed dependence. 

Wind erosion also varies seasonally because of differences in soil moisture levels, changes in 

vegetation cover and variations in wind speed. Moist soil and snow covers are effective in 

limiting resuspension. Growing vegetation cover may have a more complicated effect by 

decreasing erosion from the soil surface, while providing an enhanced reservoir of erodible 

particles on the leaf surfaces. 

Higher winds are more effective in causing resuspension of particles; however, it is important to 

note that total airborne soil and actinide emissions are ultimately limited by the available 

reservoir of erodible particles on the soil or leaves. A high wind event will rapidly deplete the 

erodible particles. The first few minutes of high winds may result in significant airborne 

emissions but the emission rate will decrease with time as fewer and fewer erodible particles 

remain. Sustained windy periods will not result in further emissions until the erosion potential is 

replenished by deposition or by other factors that generate erodible particles (such as freezelthaw 

cycles, rainsplash, animal activity, etc.). 

The most significant soil contamination areas contributing to airborne actinides at the Site are the 

903 Pad and the adjacent “Lip” area. During the 1950s and 1960s, the 903 Pad was 
contaminated with Pu-laden cutting oil that leaked from metal drums into the soil beneath the 
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drums. Removal of the drums in the late 1960s and associated cleanup activities resulted in 

dispersion of contaminated soil to the east and south of the 903 Pad, much of it through the air 

pathway. The storage pad was covered with asphalt in 1969 and is no longer a source of 

resuspendable actinides. However, the initial spread of the contaminated soil prior to the 

installation of the asphalt pad resulted in a plume of actinides in the surface soils extending to the 

east and southeast from the 903 Pad itself. These areas of contaminated surface soils continue to 

result in low levels of actinide resuspension on an ongoing basis. 

Other spills and releases have resulted in smaller areas at the Site where the surface soils are 

contaminated with Pu and other actinides (such as U isotopes). In addition, naturally-occumng 

U deposits may also result in areas of elevated surface soil U concentrations. Actinide 

concentrations in surface soils at the Site have been sampled and mapped and are shown in 

Figure TA-2-3 through Figure TA-2-7 in Section TA-2.3. These soils, including soils deposited 

on vegetation surfaces, constitute the primary source for airborne actinide emissions from the 

Site. 

Prior to 1989, the Site fabricated nuclear weapons components from Pu, U, beryllium and 

stainless steel. Weapons operations were curtailed at the Site in 1989 due to safety concerns and 

in February 1992, the Site’s weapons production mission was discontinued. Between 1989 and 

1995, resuspension of actinide-containing soils and transport through the air pathway occurred 

primarily due to natural processes, such as wind erosion. Remediation of contaminated soils and 

waste disposal areas at the Site and building decommissioning activities began in 1995. Such 

activities can disturb contaminated soils or contamination on building or equipment surfaces and 

result in additional airborne actinides. 

Project-related actinide emissions vary from year to year and depend on the type of activity and 

the actinide content of the soil or other materials handled. Some years they have represented a 

significant source of airborne dose at the Site, while in most years, wind erosion has been the 

major source. Future resuspension of actinide-containing material will occur due to both natural 

and anthropogenic activities. 
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Following Site closure, emissions of actinides will result from wind-driven resuspension of any 

remaining contaminated surface soils. Wind erosion of undisturbed, vegetated areas will occur 

at a low rate. However, any activity that disturbs the soil or removes the covering vegetation 

would increase emissions for a period of time. Such activities might include excavation or fires; 

the magnitude of the increase would depend on the frequency of disturbance and whether or not 

the disturbance is followed by high winds before the soil crusts or the vegetation is restored. 

TA-4.6.2 General Patterns of Airborne Actinide Transport At RFETS 

Once released into the air, actinide particles or particles of soil with attached actinides are 

transported away from source areas by the wind (dispersion). Concentrations of airborne 

actinides will generally be higher closer to the source areas; the concentrations become diluted as 
they are transported downwind. During transport, particles are brought down to the surface 

through the combined processes of turbulent diffusion and gravitational settling. Once near the 

surface, they may be removed from the atmosphere and deposited on soil or water surfaces 

(deposition). 

The distance a particle travels before being deposited depends on the particle's size and density. 

Larger, denser particles are deposited closer in to the source, while very small particles may 

remain suspended and carried much farther downwind. 

The concentration and deposition of actinides in the Site environment depends on the local 

patterns of wind flow over the Site. Figure TA-1-6 shows a joint frequency distribution of wind 

speed and direction (wind rose) for 1999, a representative year. The figure shows that prevailing 

winds occur from the northwest quadrant, but that winds from other directions also occur, with 

reduced frequency. 

More importantly, the figure shows that higher speed winds occur almost exclusively from the 

northwest quadrant. This is significant because wind erosion emissions are a function of wind 

speed; larger amounts of soil are resuspended by high winds than by lower speed winds. The 

higher speed winds are also more effective at transporting particles away from source areas 

(further downwind), where many of these particles will be redeposited as wind speeds decrease. 
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Finally, wind speed influences the range of particle sizes emitted and transported. Higher speed 

winds are capable of resuspending and transporting larger particles than lighter winds. 

As previously discussed, the main source area of resuspended actinides at the Site is the area 

surrounding the 903 Pad. The Pu particles in the cutting oil that leaked at the 903 Pad were 

small (c3 micrometers [pm] diameter). Once in contact with the soil, however, the Pu particles 

became attached to soil particles. Experimental data from the Site (Langer, 1986) and elsewhere 

(Shinn, 1999) indicate that most of the airborne Pu activity is carried by the > 15 km diameter 

size fraction. Many of these larger particles are aggregates made up of varying size soil particles 

held together by binding agents (e.g., organic matter). Lesser amounts of Pu may be attached to 

smaller, primary clay- and silt-sized particles. Because of its attachment affinity, the airborne 

transport of Pu is dependent on the soil or aggregate particle properties and not the properties of 

the individual Pu particles. 

Am-241 in the 903 Pad area and other areas of the Site is due, in part, to Am ingrowth from 

decaying weapons-grade Pu (Am-241 is formed by radioactive decay of Pu-241 atoms). 

Consequently, Am-241 contamination due to Site sources is expected to be dlstributed in the soil 

matrix in a similar manner as Pu-239/240. Past research at the Site has shown that coarse 

particles (>15 pm) also carry most of the U activity in windblown dust (Langer, 1987). 

Therefore, the activity distribution among various particle size categories was assumed to be the 

same for each of these isotopes for purposes of estimating airborne transport. 

@ 

The present surface soil contamination patterns of Pu-239/240 and Am-241 are largely the result 

of windblown suspension and subsequent deposition of soil that was contaminated by leaking 

drums at the 903 Pad, with some additional spread due to surface runoff from the contaminated 

area. In addition, suspension occurs more readily from recently disturbed soil, so the particular 

wind speeds and directions coincident with disturbances during the initial 903 Pad remediation 

sequence would have a strong influence on the resulting surface soil contamination patterns. 
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TA-4.6.3 Description of Air Pathway Analysis Methodology for Measured Data 

Concentrations of Pu-239/240, Am-241, U-233/234, U-235 and U-238 are routinely measured at 

various locations on and around the Site using the RAAMP sampling network, described in 

Section TA-2.9. Data for 1997 through 1999 are presented in Tables TA-2-27 and TA-2-28. 

These concentrations are reflective of current actinide levels in air around the Site perimeter. 

Airborne actinides result from emissions due to wind erosion of contaminated soils, with small 

additional contributions from project and stack emissions in most years. Pu-239/240 and Am- 

241 in the air at the Site also result from fallout from atmospheric testing of nuclear weapons in 

the 1960s and 1970s (see Section TA-2.9 for additional discussion). 

In the case of the U isotopes, naturally-occurring U is also a major contributor to airborne 

actinides in the environment of the Site. U-233/234 and U-238 measured by the RAAMP 

network in recent years is almost entirely due to naturally-occumng isotopes, rather than 

emissions from Site activities. 

To calculate net off-Site transport of actinides through the air pathway under current conditions, 

an analysis was performed using the data presented in Tables TA-2-27 and TA-2-28 for two 

possible scenarios regarding the source of the measured actinides. For the first scenario, all the 

actinides measured at the perimeter sampler were assumed to originate on Site, largely through 

wind erosion of contaminated soil. This is an overestimation, particularly for the U isotopes that 

occur naturally in the surrounding soils. However, this first set of calculations bias the off-Site 

transport calculations on the high side. 

For the second scenario, an assumed background concentration of each actinide was first 

subtracted from each measured actinide concentration (see discussion of background 

concentrations in Section TA-2.9). The off-Site transport was then calculated based on the 

remaining material. This is likely to be a more realistic portrayal of the off-Site transport of Site- 

derived actinides than the first method but it depends heavily on an accurate portrayal of the 

average airborne background actinide concentrations, data that are not readily and reliably 

available for the Site. For purposes of estimating non-fallout transport, a value of 4.1 x lo-’ 

pCi/m3 pU-239/240 was attributed to fallout. Am-241 in fallout was estimated from the PU- 
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Colorado that are distant from RFETS (Hulse et al., 1999). 

Determination of background values to use for the U isotopes present an even larger problem, 

because U occurs naturally in the local rocks and soils. Past examination of the activity ratios of 

various U isotopes in RAAMP data show that the measured U at the perimeter of the Site cannot 

be distinguished from naturally-occurring U. Consequently, it is possible that nearly everything 

that is measured is actually background U. Therefore, the second scenario was not evaluated for 

the U isotopes, since it is impossible to accurately partition the measured data between 

background and airborne concentrations that result from Site contamination. 

For Pu-239/240 and Am-241, the difference between off-Site transport calculated using the first 

method and the second served as an estimate of apparent off-Site transport of “background” 

actinides-those concentrations that occur ubiquitously in the regional air and that do not 

originate from Site contamination or stack emissions. (In fact, background airborne actinides 

that do not originate on Site should have no net off-Site transport since winds will 

simultaneously move material both on and off the Site.) 

Calculation Methodoloay 

Off-Site transport of actinides through the air pathway was estimated using a simple dispersion 

formulation called a “box model”, combined with the RAAMP data presented previously. A box 

model assumes that a parcel of air can be described from three dimensions-length (along the 

axis of the wind), width (crosswind) and height. Air pollutants are assumed to be uniformly 

dispersed throughout the resulting volume. How of pollutants out of the box for a given period 

of time can then be calculated based on the area of the “end” of the box (height x width, in 

square meters, m2), multiplied by the average wind speed through the box in meters per second 

to. estimate the mass flow rate of air out of the box in cubic meters per second. If the 

concentration of a pollutant in the air within the box is known or can be estimated (in units of 

mass or activity per cubic meter, the rate of pollutant transport can be estimated (e.g., pCi/m3 x 

m3/s = pCi/s). Figure TA-4-24 illustrates this concept. e 
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An average wind speed must be estimated for each time step. The resulting rate of pollutant loss 

from the box can be multiplied by the total number of seconds in a time step, then the individual 

time step transport amounts summed to give a total annual mass or activity loss from the box. 

For the situation discussed here, the major source areas for actinides are located in the interior of 

the Site. Actinides are transported off-Site through the air pathway in all directions over the 

course of a year, although more transport occurs in some directions than in others because wind 

speeds and directions are not uniformly distributed among compass directions (Figure TA-1-6). 

A total of 16 “boxes” were defined, one located at the distance of the Site fenceline in each of 16 

compass sectors. The area of the end of each box was defined by a height of 195 m (discussed 

below) and a crosswind &stance equal to the length of a 22.5’ arc of a circle located at the 

sector-specific fenceline distance from the center of the Site. Each box was assumed to be 1 m 

in length. Derivation of actinide concentrations within each box and of the sector average wind 

speed for each time step are described below. 

Estimation of Averaae Monthlv Actinide Concentrations within Each Box 

To estimate off-Site transport, monthly R A M  data for 1997 through 1999 for h-239/240, 

Am-241, U-233/234, U-235 and U-238 were obtained for each perimeter sampling location. 

Because the samplers are all located at different distances from the Site center and from source 

areas such as the 903 Pad, a screening level dispersion model (SCREEN3; EPA, 1995a) was 

used to calculate scaling factors to adjust measured concentrations for each sampler to the 

distance of the Site fenceline along a line from the center of the Site to each sampler. The 

equivalent fenceline concentrations were then assigned to a sector. In some cases, 

concentrations from two samplers were averaged if both were located within the same sector or 

if a sampler was located on a boundary between sectors. A sector-specific fenceline distance 

was calculated in the same way. 

The measured data represent actinide concentrations at RAAMP inlet height, about 2 m above 

the ground. While these concentrations are representative of what a person located at the 

fenceline would be likely to inhale, use of these concentrations directly todculate  the amount 

of airborne actinide moving off-Site on an annual basis would be incorrect. Because most 
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actinides released from the Site originate from ground-level area sources, the concentrations at 
e 

any point downwind would generally be highest near the ground and would decrease with height. 

Based on past research into the way that air pollutants disperse from a source, the pattern of 

concentrations with height would be expected to follow a Gaussian or bell-shaped distribution 

(Turner, 1970), with the ground-level concentration representing the middle of the “bell” or the 

highest value in the distribution. 

An essential parameter in describing the Gaussian curve (or Gaussian plume, as it is referred to 

with respect to air quality) is the standard deviation, which describes the degree of “spread” 

around the center. Turner (1970) gives values of the vertical standard deviation of the Gaussian 

distribution (called 0,) based on stability and distance downwind from an air pollutant source. 

Stability is a measure of the tendency toward vertical motion or turbulence in the atmosphere. 

On an annual average basis, the stability at the Site is neutral (stability class D). For the average 

fenceline distance from the center of the Site (around 2,800 m) and D stability, ciz is around 65 m. 

Nearly all of the values in the Gaussian distribution (i.e., all of the mass in the plume) will be 

contained within three standard deviations of the center of the distribution (Snedecor and 

Cochran, 1967). Consequently, for use in calculating off-Site transport of airborne actinides, the 

region from the ground to approximately 195 m height is of interest and 195 m was chosen as the 

height of each “box” (Figure TA-4-24). Turner (1970) gives the following equation for 

Y=JZna,eXP 1 [ -- ;[ - 7:) 
calculating the ordinate values (height) of the Gaussian distribution: 

where: 

y is the ordinate value or height of the curve (in this case, a relative concentration) 
a,, as previously defined, is the vertical standard deviation ( = 65 m) 
x is the distance from the center of the distribution (Le., height above ground level) 

x is the expected value of the x coordinate (in this case, 0 m, ground level) 
- 

I 
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a 
Using this formula, a relative concentration was calculated at 1 m intervals from ground level to 

195 m. These values were then normalized to 2 m, the height of the R A M  data. The 

normalized concentration values were then summed and averaged, giving a multiplier that could 

be applied to a given R A M  value to estimate the average concentration at that distance 

downwind from the Site center, from ground level through 195 m. 

Estimation of Averacre Actinide Concentrations for Each Time Step 

A problem arises in using measured airborne actinide concentrations directly because the time 

scale is relatively coarse compared to the wind gusts that drive the wind erosion process. While 

emission and transport dynamics may vary from minute to minute, the RAAMP data are 

available as monthly average concentrations. Capturing the dynamics of transport are important, 

because both the volume of air moved off-Site in a given period of time and the actinide 

concentration carried by the wind are a function of wind speed (assuming that the major 

emission source is wind erosion of contaminated soil). So higher speed winds not only entrain 

larger quantities of material than lighter winds, they also move more cubic meters of air over the 

fenceline in a time step. 

To capture the dynamics of the process, a 15-minute time step was used for the calculations. 

Wind tunnel studies of wind erosion performed at the Site in 2000 showed that the amount of 

erodible material present on undisturbed Site surfaces varied with wind speed (MRI, 2000a, 

MRI, 2000b). The studies also showed that the erodible material would be rapidly depleted at a 

given wind speed, usually within 10 to 15 minutes or less. Consequently, a 15-minute time step 

was appropriate to the calculations. (Erodible material is renewed on an ongoing basis through 

deposition and small-scale disturbances, so depletion of the erodible material is temporary.) 

Meteorologcal data are measured at a 61-m tower located in the northwest Buffer Zone that is 

instrumented at several levels. Meteorological data were obtained for 1997 through 1999 at a 

level of 10 m above the ground. Fifteen-minute average wind data were used in the box model 

calculation described previously. The calculations were performed on a month-by-month basis, 

consistent with the sampling periods, then the monthly transport totals were summed to estimate 
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annual transport amounts. A method was derived to estimate 15-minute actinide concentration 

data in each box from monthly measured average concentrations, as described below: 

For each 15-minute period, the measured 10-m wind direction was assigned to one of 16 

directions (boxes) and monthly arrays of 0: 1 multipliers were created (number of 15-minute 

periods in a sampling month by 16 directions). This was necessary to isolate the time steps 

during which assumed Site emissions contributed to each measured actinide concentration in 

a given direction; 

A generic weighting factor was calculated for each 15-minute period in the sampling month. 

The weighting factor (discussed below) accounted for the fact that the airborne actinide 

concentration in a box in any given time step would be a function of the emission rate of the 

actinide, the spread of the plume at the downwind distance of the sampler and the volume of 

air that the emitted actinide was introduced into; 

The generic weighting factors were multiplied by the 0: 1 multiplier array to produce an array 

of “relative concentration” values. These were divided by the monthly sum of the relative 

concentrations for a given wind direction to calculate the fraction of the totaled sampled 

actinide activity that should be assigned to each time step in the sampling month; 

For each actinide, the activity measured in each direction over each sampling month was 

calculated by multiplying the measured average monthly actinide concentration for each 

direction by the volume of air that was sampled for a specific month. The total sampled 

activity was partitioned among the time steps based on the fractions calculatkd from the 

relative concentration values; and 

For each actinide, the activity assigned to each time step and box was divided by the volume 

of air that was sampled in a 15-minute period, calculated by dividing the monthly sample 

volume by the number of 15-minute time steps in the sampling month. The result of this 

calculation was an array of 15-minute concentration values for each box and actinide, for 

each sampling month in the three-year period. 
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The weighting factor used to assign portions of total measured activity in a sampling month to 

individual 15-minute time steps was derived using a portion of the formula for the Gaussian 

plume. The standard Gaussian plume equation relates ambient concentrations at a given 

downwind location to the emission rate of a pollutant, meteorological conditions such as wind 

speed and stability and the location of the receptor relative to the centerline of the plume and to 

the emission height of the source. The key factors that influence measured actinide 

concentrations at the Site perimeter, assuming that windblown dust origmating in the interior of 

the Site is the major emission source, are the emission rate (a function of wind speed), the spread 

of the plume (a function of wind speed and stability) and the volume of air the emissions are 

introduced into in a time step (also a function of wind speed). Eliminating portions of the 

Guassian plume equation that deal with off-centerline and elevated concentrations, source 

configurations with elevated emissions and geometry factors that would be the same for each 

time step resulted in the weighting factor shown below: 

WF = Q /  (ay x 0, xu)  

WF functions as a time-step weighting factor and Q is a particulate matter emission rate for the 

contaminated soil areas at the Site in grams per second ( g / s ) .  Q is a function of wind speed and 

is based on recent wind tunnel studies at the Site; ‘5, and oz are horizontal and vertical dispersion 

coefficients for the Gaussian plume equation at an average downwind fenceline distance of 2,800 

m. Coefficient u is the measured, 15-minute average wind speed ( d s )  at 10-m height. 

The dispersion coefficients were calculated from the 10-m wind speed and the standard deviation 

of wind direction measured during each 15-minute time step at the Site’s meteorological tower 

(10-m level). Formulas and values for estimating the dispersion coefficients CT, and C T ~  from 

stability classes and wind speed were taken from the ZSCST3 User’s Guide, Volume ZZ (EPA, 

1995b). Calculation of the stability classes from the standard deviation of wind direction was 

derived from formulas and tables in EPA’s Meteorological Monitoring Guidance for Regulatory 

Modeling Applications (EPA, 2000). 

The emission rate, Q, was calculated from an equation for estimating erosion potential from 

undisturbed portions of the Site that was based on the wind tunnel studies performed in 2000 
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(MRI, 2000). The resulting erosion potential equation, as a function of 10-m wind speed in 
0 

meters per second, is: 

EP =3.933 x l o4  (u* .~ ’~)  

where: 

EP is the total suspended particulate (TSP) erosion potential per 15-minute period in grams per 

square meter (g/m2); and u is the 15-minute average, 10-m wind speed (m/s). 

The erosion potential was converted to an emission rate in grams per second ( g / s )  by multiplying 

by an assumed source area and dividing by the number of seconds in 15 minutes. An assumed 

source area of 5 x 10 m was used, which represents an area large enough to encompass the area 

of the Site where the surface soil is contaminated with Pu-239/240 above a level of 2-3 pCi/g. 

6 2  

Meteorolocrical Data 

0 To calculate the movement of airborne actinides off-Site, the flow of air must be estimated 

moving off-Site in each sector in each 15-minute time step. As noted previously, airflow was 

calculated as the area of the end of each sector-specific box, multiplied by a 15-minute wind 

speed. The wind speed in each box was calculated as described below. 

The 15-minute wind data used for this analysis were taken from the 10-m level of the Site 

meteorological tower. As with concentrations, average conditions in the layer between ground 

level and 195 m in height above the ground were needed to complete the box model formulation. 

Wind speed typically increases with height and the rate of increase varies with stability. Using a 

power law formula from the ZSCST3 User’s Guide, Volume ZZ @PA, 1995b) for the increase in 

wind speed with height, a multiplier was developed that could be applied to 10 m wind speeds to 

convert them to 0 to 195 m average wind speeds. 

Calculation of Off-Site TransDort 

To complete the calculation of off-Site transport, each 15-minute actinide concentration 

(pCi/m3), in each box, was multiplied by the 15-minute, 10-m wind speed projected throughout 0 . 
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the height of the box (m/s) and by the area of the end of the box (m2). The resulting pCi/s value 

for each box, actinide and time step was multiplied by the number of seconds in a time step to 

estimate the amount of each actinide transported off-Site in a time step. 

The activity transported off-Site in each 15-minute time step was summed for each actinide to 

calculate the total off-Site transport in a year. Three years of data were used in the calculations 

(1997 through 1999). The amount of apparent off-Site transport thought to be due to airborne 

background concentrations was calculated for Pu-239/240 and Am-241 as the difference between 

the off-Site transport amounts calculated for the two emission scenarios. 

TA-4.6.4 Results of Air Pathway Analysis Using Measured Data 

The calculated annual average off-Site air transport calculations for each actinide and scenario 

are shown in Table TA-4-14. As noted previously, background actinides would have no net off- 

Site transport because wind would move material both on and off the Site simultaneously. This 

is particularly true for the U isotopes, which occur naturally in area soils. Much of the U 

measured over the Site is due to these naturally-occumng sources, rather than Site 

contamination. Am-241 concentrations shown in Table TA-4-14 appear to be somewhat 

overestimated relative to the Pu-239/240 concentrations. As noted previously, Am-241 at the 

Site occurs, in part, due to ingrowth from weapons grade Pu, which contains a number of Pu 
isotopes. Generally, Am-241 activity due to ingrowth would be about 15 96 of the activity 

measured for Pu-239/240, the most prevalent isotope in weapons grade Pu. The concentrations 

of Am-241 in Table TA-4-14 are higher, partly because only positive concentration values were 

used in the analysis, consistent with the manner in which radionuclide concentrations are 

reported at the Site for regulatory compliance purposes. (The higher ratio of Am-241 to Pu- 
239/240 in fallout compared to ingrowth probably also contributes to relatively higher Am-241 

transport figures.) 
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U-235b 

U-238b 

Table TA-4-14. Annual Off-Site Actinide Transport Calculated Using Measured 
Data“ 

0.00095 NA NA 

0.0140 NA NA 

I P~-239/240 I 0.0007 1 I 0.00054 I 0.0001 7 I 
I Am-241 I 0.00041 I 0.00035 I 0.00006 I 
I U-233/234b I 0.0145 I NA I NA I 

Exposed filters from R A W  samplers are “corrected” by subtracting the radioactivity measured 

in a population of blank (unexposed) filters to account for the presence of small amounts of 

radioactivity in the filters themselves. The resulting “blank-corrected” concentrations may be 

negative. For the analyses presented here, negative concentrations were treated as zero values, 

since negative values indicate that the actual concentrations in the air were very small, not 

necessarily different from zero. Because airborne Am-241 is present at lower concentrations 

than Pu-239/140, the Am-241 data contain values that are more negative. Consequently, use of 

“positive only” values tends to inflate the Am-241 concentrations relative to Pu-2391240 values 

in a comparable data set; this bias in the Am-241 data has been carried through the calculations 

reported in this section. 

Sources of Uncertainty 

As is apparent from the above discussion, the estimation 0- of Site transport using measured 

data relies on a number of assumptions, most of which could bias the result either high or low. 

Two factors that lead to potential underestimation are discussed below. 0 
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R4AMP samplers measure particles in two size fractions-up to approximately 10 pm 

aerodynamic equivalent diameter and between 10 pm and approximately 30 pn (see Section TA- 

2.9 for further discussion of the RAAMP methodology). While these size fractions capture most 

of the particles capable of being resuspended and transported over substantial distances, they do 

not capture 100 % of such particles. Particles up to approximately 100 pm diameter may be 

resuspended during high (100 mph +) winds but the larger the particles, the shorter the 

downwind distance before they are redeposited. Consequently, wind erosion of large particles 

from the more highly contaminated portions of the Site is not expected to move a substantial 

amount of material past the Site fenceline in an annual time frame. Because a restricted size 

class was used in the transport calculations, the off-Site transport values given in Table TA-4-14 

represent the majority but not the totality of off-Site transport through the air pathway. The 

inhalable portion of the values in Table TA-4-14 is around 50 % or less of the total. 

h. 

In addition, no ambient sampler is 100 % efficient; some under-collection also would be 

expected. Based on limited testing by EPA of the sampler design in use at the Site, it is expected 

that this under-collection is relatively small, less than 20 %. While small, under-collection by 

the sampler would lead to an expected underestimation of off-Site actinide transport of a similar 

magnitude. 
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TA-4.7 BIOLOGICAL PATHWAY ANALYSIS 
e 

TA-4.7.1 Introduction 

From the 1960s through the early 199Os, an extensive series of radioecology studies were c h e d  

out by the Department of Radiology and Radiation Biology at Colorado State University (CSU) 

in Fort Collins, Colorado. These studies generally concentrated on areas contaminated with Pu 

and other actinides and largely ignored areas of low to background concentrations. The lead 

investigator was Dr. F. Ward Whicker, who was assisted by several other CSU staff, in oversight 

of a number of students performing original research on various ecological compartments of the 

RFETS ecosystem. A series of progress reports presented study results written by various 

students as partial completion of thesis work. Additionally, all involved researchers published 

other progress reports and peer-reviewed papers. Several different journal articles present results 

from the same studies. These reports provide considerable data and summary findings for 

macro-biological studies at RFETS. Studies from other locations have also been reviewed for 

this compilation, but most were not directly applicable to the Site and are not cited. @ 
TA-4.7.2 Terrestrial Studies 

Terrestrial Veaetation 

A study of Pu uptake by R E T S  vegetation and other biotic media was conducted in the early 

1970s fittle et al., 1980). In this study, unwashed vegetation and litter were analyzed for Pu 

concentrations. Results showed a soil concentration to vegetation concentration ratio of 1:3.4 x 

Little, citing the Arthur study (1977), stated that ultrasonic washing of vegetation had 

demonstrated that much of the Pu associated with the vegetation was soil adhering to the plant 

surface. He surmised that his own data probably reflected Pu in soil particles adhering to 

vegetation surfaces, as well as actual Pu uptake in vegetation. 

In 1976-77, Arthur and Alldredge (1982) collected grassland and streamside vegetation and 

experimented with ultrasonic washing to determine how much of the Pu associated with 

vegetation might actually be the result of soil particles adhering to vegetation. They concluded 

that Pu adhering to the surface of the vegetation was a major contributor to the total Pu 
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associated with plants. This study demonstrated that washed versus unwashed vegetation could 

show significant differences in associated Pu. In their study the mean vegetation concentration 

of 0.70 pCi/g, compared to the mean concentration of 28.6 pCi/g in an earlier study (Little, 

1976). 

The conclusion that adhering soil particles can strongly influence the total Pu concentration 

associated with plant material was further corroborated by Dreicer, et al. (1984) who found that 

rainsplash contributed significantly in transporting Pu to plant surfaces. They found that about 

four times as much Pu was associated with vegetation samples collected within 20 cm of the 

ground surface as with samples collected above 20 cm from the surface. 

Whicker and Ibrahim (1991) found that the mean vegetation uptake ratio and the concentration 

ratio (soil to vegetation) values were generally low and ranged from 

study indicated there was a decrease in the bioavailability of Pu for plant uptake and 

accumulation over time, after results were compaied with the Little study (1976). When 

compared to values presented by Little, et al. (1980), Pu soil values documented by Whicker and 

lbrahim (1991) were also lower. 

to Data from this 

In the findings of his study on RFETS vegetation, Webb (1992) stated that by 1989 vegetation 

and litter concentrations had decreased to less than 16 % of those reported in the earlier Little 

study (1980). Webb found that the isotopic ratios of Pu-239/Pu-238 remained unchanged over 

the intervening 15 years. Although present day (2001) data are unavailable for these locations, a 

CDPHE study that included soil samples collected 11 different years between 1970 and 1989 

showed a steady decline in concentrations of Pu in soil (Terry, 1991). Given these data, it is 

probable that the concentrations have continued to decline. Webb’s study identified surficial 

contamination of vegetation with Pu as at least as important as internal accumulation of Pu in 

plant tissues. Most of the authors have alluded to wind and water transport, as well as downward 

migration through the soil profile, as reasons for the declining Pu concentrations in the soil. 
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Terrestrial Fauna 

General Observations in Biota 

In general, investigations on biota in the most studied location, the 903 Pad and Lip area, showed 

that Pu concentrations in biota were significantly lower than in soils. As summarized by Setlock 

and Blaha (1989), arthropods and small mammals had Pu concentrations 100 times lower than 

soil, with no significant differences in seven tissue types analyzed. The concentration hierarchy 

followed a downward trend from dead plant litter to fresh vegetation to animal compartments 

that were analyzed (Little et al., 1980; Setlock and Blaha, 1989). The higher values for plant 

litter are expected since the litter is more closely associated with the soil surface and prone to the 

accumulation of soil particulate matter. 

In a study of actinides in the environment, Watters, et al. (1983) reviewed actinide behavior with 

emphasis on chemical, physical and biologrcal factors that influence actinide mobility. Their 

general conclusion was that sources of actinide in the environment, with few exceptions, have 

resulted in very low transfer of these elements into food webs, regardless of transport process. 

In a “White Paper” written to assess the biological mobility of environmental Pu, Higley and 

Whicker (1999) observed that Pu is not a biologically essential element, nor does it serve as an 

analogue for any other essential element. They further stated that because of its insoluble nature 

(most forms of Pu are insoluble), the passage of Pu through biological membranes and any 

uptake into plant and animal tissues is normally very minor. After reviewing and summarizing 

results of RFETS studies, Higley and Whicker (1999) concluded that the majority of Pu 

measured in plant material was associated with surficial dust particles and that transport of Pu 

into plants is decreasing over time. They also observed that although concentrations in 

vegetation and litter strongly correlated with soil concentrations, those in small mammal tissues 

(did not, but instead appeared to be independent. This led them to conclude that the small amount 

of Pu in small mammal tissues may result from the generally-distributed global fallout. 

Considering the variable soil concentrations often mentioned in these papers and in light of the 

mobility of even small mammals, it is likely that the small mammals were variably exposed to 

differing soil concentrations of contaminants throughout their home ranges and over their life 
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spans. The closer correlation of vegetation concentrations to soil concentrations in a specific 

location is reasonable, given that plants remain rooted in the same soil throughout their lifetimes. 

Higley and Whicker (1999) further concluded that, although the nature and source of a Pu release 

is important in its distribution, environmental processes can alter the composition and 

distribution over time. Soils and sediments have been found to become the ultimate repository 

for the majority of h. A tiny fraction of the Pu inventory is soluble and therefore bioavailable. 

They found that while Pu is incorporated into plant, animal and human tissues, the 

concentrations are typically orders of magnitude less than soil and sediment concentrations. 

Biomagnification - the concentration of a chemical or compound from one trophic level to the 

next - does not appear to occur with Pu. Their review found that although biological processes 

can redistribute Pu in the soil profile, the impact is essentially local. 

Arthropods 

Arthropods were studied as part of the comprehensive long-term investigations performed at 

RFETS by staff and students at CSU. This group was selected due to their mobility and rapid 

population turnover rate. The Bly and Whicker study (1979) found that although the 

concentrations of Pu in soil and arthropods were closely correlated the ratio of activity in 

arthropods: soil was on the order of 

higher than that of small mammals, the h concentration in the arthropod compartment was 

found no greater than lo-* of the Pu inventory in the ecosystem (Bly and Whicker, 1979). The 

, 

to loe3. Although arthropod biomass is considerably 

authors noted that it was difficult to ensure that additional soil was not collected with the ground- . 

dwelling arthropods during capture. No attempt was made to scrub the arthropods, therefore all 

clinging soil would have been analyzed as part of the contaminant load of this biotic 

compartment. Because ground-dwelling arthropods do not generally move substantial distances 

during their life spans, there is little potential for mass transport of Pu by this group; however 

flying insects such as bees could contribute to some transport of contamination (Bly and 

Whicker, 1979). 
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Small Mammals 

Few of the small mammal samples taken during the Whicker and Ibrahim (1991) study showed 

Pu above detection limits. After earlier studies encountered problems with instrumental 

detection limits, tissue samples were pooled by Whicker and Ibrahim (1992) to increase the Pu 

concentration of the total sample to detectable levels. These findings were consistent with Little 

(1976), who concluded that a very small portion of the total Pu in the Site ecosystem was 

associated with small mammal tissues. Animal hide samples contained the majority of Pu found 

in small mammal tissues. This is expected since soil particles can adhere to the pelt and there is 

no description of an attempt to remove soil from hides. Reported concentrations of Pu-239 in 

tissues ranged from 1.0 x lo-’ Bq/g in hide to a low of -1.2 x Bq/g in lung tissue (Whicker 

and Ibrahim, 1992, Antonio, et al., 1992). The negative values reported for this study apparently 

reflect readings below the reliable detection limits of the instrumentation at that time. No 

significant differences were found between results of this study and those of Little (1976; 1980). 

A study in “Macroplot l”, a 0.75 ha plot located approximately 140 meters southeast of the 903 

Pad, found that northern pocket gophers (Thomomys tdpoides) do contribute to the redistribution 

of Pu in soils, but that the redistribution was largely vertical, through the soil profile (Winsor and 

Whicker, 1980). Burrow activity reported for pocket gophers during this study far exceeds 

present observations (pers. obs. M. Murdock, 2001). Therefore, the estimated 0.5 % of the soil 

Pu that pocket gophers may cast to the surface in a decade might overstate average conditions. 

Small mammal populations are well known to exhibit cyclic maximums and minimums and the 

1975 population may have represented a periodic maximum. The authors concluded that the 

long-term impact of these animals may be a more uniform vertical distribution of Pu in the soil, 

coupled with a small amount of horizontal dispersion (Winsor and Whicker, 1980). In 

considering this study, it should be noted that cumulative studies in the area evaluated indicated 

that 99 % of the Pu inventory was in the top 21 cm of soil and that approximately half that is in 

the top 3 cm. This condition would make transport to depth more likely than transport of more 

PU to the surface (Setlock and Blaha, 1986). 
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Snakes 

Geiger and Winsor (1977) evaluated Pu-239 concentrations in snakes at RFETS and found that 

they had the lowest Pu-239 concentrations of any biota studied at the Site. They concluded their 

data suggested that snakes are not important organisms in the redistribution of Pu-239. 

Mule Deer 

A radiotelemetry study conducted by CSU on mule deer (Odocoileus hemionus) from 1990 

through 1991 allowed researchers to radio collar or radio eartag 138 deer for the purpose of 

tracking movements. This study also estimated a summer deer population of approximately 161 

individuals and a winter deer population of approximately 199 individuals (Symonds 1992). 

Analysis of deer tissues during the 1990-91 telemetry study did not detect measurable Pu or Am 

and Symonds (1992) speculated that because of the sedentary nature of the RFETS deer herd, 

deer had a low potential for transporting contamination off-Site. She also postulated that deer 

represented a minimal pathway for contamination of humans. 

Whicker (1979) found that most of the Pu ingested by deer grazing in contaminated areas is 

redeposited on-Site in the form of fecal pellets. These pellets are randomly distributed as the 

deer travel around the Site, with greater deposition expected in areas of higher deer use. Over 

time, areas most frequented by deer have been found the more heavily vegetated hillside 

grasslands, shrublands and woodlands (K-H 1998; 1999), which provide greater erosion 

protection than disturbed or sparsely vegetated areas. Once the fecal pellets have been deposited 

in these areas, further redistribution over a wide area would be restricted by the limited erosion 

potential . 

Symonds (1992) found that does seldom moved farther than 0.05 km from the Site. Either of 

these types of off-Site movement could provide a pathway (through fecal deposition or death and 

decomposition) for Pu that was consumed in forage before the deer left the Site. Symonds 

(1992) reported use of "contaminated" areas by deer during her study, but the assignment of the 

term "contaminated" in context of this study appears to broadly include any area where an MSS 

may have been tentatively identified, regardless of potential contaminant (e.g., radiological or 
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chemical). In other studies the area identified as “contaminated” was more specific to Macroplot 

1 used in numerous CSU-sponsored studies, or included the 903 Pad and Lip area (Whicker, et 

al., 1990; Winsor and Whicker, 1980; Little, et al., 1980; Arthur and Alldredge, 1982). 

Mule deer have been studied as a biological pathway for actinide movement because of their 

mobility, amount of soil consumption and the size of the herd. Quantifying off-Site transport of 

actinides by mule deer provides a reference for comparing the effects of the overall biological 

transport pathway. The methodology for calculating estimated actinide transport by mule deer is 

presented in Section TA-5 because the analysis is, based exclusively on modeled data. 

Cattle 

In 1973, cattle that had been grazing on what is the present day northeast Buffer Zone of RFETS 

were analyzed for uptake of Pu-239, Am and U-238 (Smith and Black, 1975). These cattle (five 

adults and five calves of the year) had been grazing and drinking water from streams flowing 

through the Site. The adults had been grazed six months per year for eight years and the calves 

spent their entire lives on RFETS pasture before slaughter. Cattle from other radiologically 

contaminated sites were also studied, but results of RFETS cattle are discussed here. 

* 
Smith and Black (1975) found that the cattle held Pu concentrations that were statistically 

equivalent to those found in other herds grazing in areas where Pu in soil was above the U.S. 

average level. Concentrations of Am were about 0.25 to 0.5 of the Pu-239 concentrations in the 

same tissues. The U-238 concentrations were above average and the authors concluded this 

reflected the higher natural environmental levels on the eastern slope of the Rocky Mountains. 

Smith and Black (1975) reported that the levels of Pu-239 found in the cattle were comparable to 

those found in the general U.S. population from fallout. Unlike deer, the location of fecal 

deposition by cattle of forage remnants from the Site could be controlled, if there were actual 

concern about actinide contamination or redistribution by this route. 
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Other Highly Mobile Biota 

Several other mobile species undoubtedly transport some small quantity of actinide off-Site. 

Species such as waterfowl and other birds, coyotes and insects could transport actinides off-Site. 

However, data for these species are not available and would be very dlfficult and in some cases 

logistically impossible to obtain. Using the deer data and normalizing by the biomass of deer, it 

is estimated that off-Site transport by other selected terrestrial species is comparable to transport 

by deer or probably lower. 

TA4.7.3 Aquatic Studies 

A study of the existing pond system, initiated in 1971 and concluded in June 1974, provides the 

bulk of information on Pu movement in a freshwater system. This study also included a pilot 

study on an analytical procedure that allowed analysis of a large number of samples at 

reasonable cost (Johnson, et al., 1974). Not surprisingly, this study found that a greater 

percentage of the Pu was associated with the root system than was associated with aerial plant 

parts (the opposite of the findings in studies of terrestrial plants). This is because particulate 

actinides will settle to the bottom of a water body, which is closer to the roots than the aerial 

plant parts. Rainsplash is not a redistribution mechanism in an aquatic system and rain tends to 

wash dust from emergent vegetation in terrestrial systems. 

Limited studies are available on the fate of Pu in the aquatic ecosystem. Two segments of this 

aquatic study concluded that Pu in water depended largely on the amount of suspended material 

in the samples (Johnson, et al. 1974; Paine, 1980). Paine’s study showed that “seston” (floating 

organic material including phytoplankton and plant fragments) samples accumulated Pu at a 

higher rate than other aquatic organisms, but methods described may have allowed inorganic 

particles (i.e., clay) to be sampled along with organic samples. Paine observed that clay 

sediments showed an extremely high affinity for Pu and if left undisturbed, appear to be an 

excellent reservoir for Pu in the aquatic system. When collecting and preparing seston samples 

for this study, the methods described may not have allowed suspended sediment to be effectively 

separated from the seston, allowing the possibility that suspended sediment was sampled as part 

of the seston. This might have given a conservatively high value for Pu in seston. 
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Other findings of this study (Paine, 1980) were that an increase in trophic level concentration of 

Pu did not occur, there appeared to be a selective mechanism which discriminated against Pu at 

the phytoplankton to zooplankton level. The highest concentration in crawfish was found in the 

exoskeleton. Whole fish had detectable activity, but fish flesh showed none. 

Biological transport of Pu through the aquatic ecosystem is probably minimal because of the 

limited development of the RFETS aquatic ecosystem. The intermittent and ephemeral stream 

system supports a very limited population of aquatic organisms outside of the impoundments on 

the Site. Certain waterfowl do consume small fish and other aquatic organisms, but there is 

apparently little Pu available in the food items that would be consumed and transported off-Site. 

Transport by abiotic (i.e., physical or mechanical) means is discussed elsewhere in the main 

report and is not the subject of speculation here. 

TA4.7.4 Conclusions 

Since the 1960s, extensive research has been conducted in actinide-contaminated areas of 

RFETS to evaluate the uptake and biological transport potential for Pu. Most of the research has 

estimated that greater than 99 % of the Pu inventory is in soil and sediment. In the terrestrial 

communities, vegetation studies from the early 1970s through the early 1990s have concluded 

that much of the Pu associated with plant material adheres as particles, rather than as Pu 

incorporated into plant tissues. These studies have shown that Pu has low bioavailability, due to 

its insolubility and that uptake into plant and animal tissues is minor. Data have shown a 

decrease in plant uptake and accumulation over time. Results from these stuQes suggest that as 

Pu availability and uptake by plants has declined over time, the amounts available to primary 

consumers have also decreased and thus the potential for redistribution has declined. 

Studies of animals, including arthropods, small mammals, snakes and mule deer have 

demonstrated little accumulation of Pu in the tissues of these species. Biomagnification through 

the trophic levels does not appear to occur. Results of studies on soil redistribution by wildlife 

suggest that redistribution of PU through burrowing is a limited-area phenomenon and this 

process has only local effect. Although several studies assumed that mule deer have the greatest 

potential to redistribute Pu, because of their greater mobility and greater intake of soil, results of 
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these studies indicate they redistribute approximately lo-’ of the soil actinide inventory. Deer 

are estimated to transport approximately lo-” of the actinide inventory off-Site. Other terrestrial 

or semi-aquatic (e.g., ducks) species are estimated to transport less actinides than the deer to off- 

Site areas, but no data are available for more accurate quantification. 

The limited aquatic studies that were done at RFETS have not indicated a significant potential 

for aquatic biota to redistribute Pu in these systems. 

This review has found evidence from past studies of insignificant biouptake, bioavailability or 

biological transport of actinides. The potential for biological actinide redistribution off the Site 

is minimal. 

One data gap identified during this review is the lack of recent vegetation contamination data for 

the “Macroplot 1” study area. Since the last studies were performed, the plant association in that 

area has changed somewhat. The uptake and adherence potentials of the unevaluated plant 

species may be different from those previously studied, therefore evaluation of transport 

potential by present vegetation may be warranted. 
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Figure TA-4-12. Lower Walnut Creek Study Area - Schematic Diagram 
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Figure TA-4-15. Lower Walnut Creek, Pu Loading Profile - 
Measured Load Data Only 
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Figure TA-4-16. A- and B-Series Ponds, Pu Loading Profile - 
Measured Load Data Only 
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Figure TA-4-19. Site- Wide Vertical Distribution of Pu-239/240 in Groundwater 
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Figure TA-4-21. Site- Wide Vertical Distribution of U-238 in Groundwater 
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Figure TA-4-22. UHSU Groundwater Uranium-238 Trend for the Woman Creek 
Groundwater Basin 
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Figure TA-4-23. UHSU Groundwater Uranium-238 Trend for the Walnut Creek 
Groundwater Basin 
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TA-5 ACTINIDE TRANSPORT PATHWAYS ANALYSIS - 
BASED ON MEASURED AND MODELED RFETS ACTINIDE 

CONCENTRATIONS 

TA-5.1 FURTHER COMPARISON WITH THE CONCEPTUAL MODEL 

In Section TA-4, measured data were used to verify the relative importance of different transport 

pathways, for different actinides, presented in the conceptual model. Measured values, versus 

model results, are the preferred data source for such a comparison. However, not all of the 

actinide transport terms of the conceptual model can be measured or have measured data available, 

to permit this type of verification. Examples of terms from the conceptual model without available 

measured data include airborne deposition and transport, shallow groundwater transport and 

overland transport caused by hillslope erosion. Modeled data are introduced in this section to 

provide quantified estimates of specific unmeasured transport pathways, thereby allowing further 

verification of the conceptual model than could be accomplished using measured data alone. 

TA-5.2 SURFACE WATER PATHWAY ANALYSIS 

TA-5.2.1 Mass Balance Methodology Using Measured and Modeled Data 

Surface water pathway study areas in this section are identical to those analyzed in Section TA-4, 

where only measured data were discussed. Modeled estimates for actinide transport to surface 

water were developed for hillslope erosion (for Pu), airborne deposition of actinides on to surface 

water and shallow groundwater recharge and discharge. The measured data presented in this 

section, for reference, are the same data presented in Section TA-4. Sources of modeled data 

presented in this section are discussed below. 

Modeled Data Sources 

HiiisioDe Erosion to Surface Water 

A hillslope erosion model was used to estimate the water volume and quantity of Pu-2391240 

running off hillslopes that do not flow to one of the tributary channels monitored by Site gaging 
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stations. The Water Erosion Prediction Project (WEPP) model has been calibrated to Site 

conditions to estimate erosion from overland flow processes (RMRS, 2000). Details about the 

modeling techniques are documented in the Report on Soil Erosion and Surface-Water Sediment 

Transport for the Actinide Migration Evaluation at the RFETS (RMRS, 2000). The model 

application and calibration for RFETS were reviewed and approved by Dr. Leonard Lane, a 

nationally recognized authority on erosion and use of the WEPP model (RMRS,  2000). The 

WEPP model and its application to the mass balances are discussed below. 

Predicted hillslope erosion rates from WEPP output are distributed spatially on a grid for each 

hillslope using a Triangular Integrated Networks (TIN) technique. The resulting erosion grid is 

mapped using Geographic Information Systems (GIS) software and is overlaid with kriged Pu- 

239/240 surface soil gnds (see Section TA-2). The erosion and Pu-239/240 surface soil grids are 

combined to create Pu-239/240 mobility maps that predict where Pu-239/240 movement will occur 

due to overland runoff and erosion processes. The actinide mobility grid is used in a subsequent 

algorithm using a GIS program to estimate quantities of Pu-239/240 delivered to stream channels 

at the bottoms of the hillslopes. Calibrated model output for estimated runoff and sediment yields 

are considered accurate to within one order of magnitude for the Site hillslopes (RMRS, 2000). 

For the mass balance analyses in this section, the WEPP model was used in the continuous 

simulation mode for the calendar year 1997-1999 period, using climate data from the Site’s 61- 

meter meteorological tower. WEPP output was processed for the three surface water pathway 

study areas. Erosion and actinide mobility grids were created for the three-year average annual 

erosion for the 1997-1999 period. Annual Pu-239/240 loads delivered to the channels were 

calculated by using WEPP-predicted annual runoff values to calculate a runoff-weighted annual 

Pu-239/240 load for each hillslope for Water Years 1997 through 1999. 

An acknowledged shortcoming of the RFETS erosion and sediment transport model is that it does 

not account for channel erosion or sediment resuspension. The model is being expanded in 2001 

to account for these processes, though these changes were not incorporated into the model used to 

estimate erosion rates for this report. 
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Air Deposition on Surface Water 

Transport of airborne particulate matter with associated actinides was modeled to estimate loads of 

Pu-239/240 and U-238 deposited on the water surface in channels and ponds in the different study 

areas. Site wind data from 1997 through 1999 were used in conjunction with measured airborne 

actinide concentrations to estimate the airborne deposition loads to surface water. A brief 

summary of the air transport model is provided below. 

The ISCST3 Version 98356 model was used to perform refined dispersion and deposition 

modeling for the air pathway study. ISCST3 is described in d e t d  in the User’s Guide for the 

Industrial Source Complex (ISC3) Dispersion Models, Volumes I and II @PA, 1995a). 

The ISCST3 model was developed and is supported by EPA to predict air concentrations and 

deposition resulting from multiple source types, including stacks, areas of fugtive emissions, 

equipment operation and open pits. This is an essential feature for simulating the types of 

activities that the actinide migration study is most concerned. ISCST3 is a Gaussian plume model, 

where plume spread in both the vertical and horizontal dimensions can be represented by a 

Gaussian (i.e., bell-shaped) distribution of pollutant mass. The plume spread depends on distance 

downwind from the release area (source) and various meteorological factors such as wind speed 

and stability. The time resolution in the short-term model is one hour and averagmg periods up to 

several years can be calculated. The model is suitable for calculating concentration or deposition in 

simple to somewhat complex terrain at distances up to 50 km from the source (Radian, 1999). 

Gaussian plume models, in general, offer a trade-off between precision and ease of use. The model 

inputs, including meteorological data, are generally available and the model set up can be easily 

modified to simulate different scenarios. However, the results may be considered to have an 

uncertainty that ranges from a factor of two to over an order of magnitude @PA, 1995b). Longer- 

term averages (i.e., annual) have less uncertainty than short-term results (i.e., 1 hour) and patterns 

of concentratioddeposition are more reliable than a single-point prediction. The large uncertainty 

with this type of model is recognized in the uncertainty analysis presented for each mass balance 

calculation. 
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Shallow Groundwater Loads to and from Surface Water 

The actinide load from shallow groundwater conveyed to surface water or, in the case of a losing 

reach, from surface water to shallow groundwater, was estimated for each study area. Natural 

waters typically contain suspended colloids, sub-micron-sized particles formed as a result of the 

weathering of rocks, plants and soils. Colloids are of concern in terms of shallow groundwater 

actinide transport because radionuclides can sorb strongly to the suspended tuff colloids and form 

actinide-bearing pseudocolloids that can move via the shallow. groundwater pathway (Eckhardt et 

al, 2000). 

Estimation of the shallow groundwater load interactions with surface water involved calculating: 

1) the water balance for each study area, in order to estimate shallow groundwater contributions to 

each reach; and 2) the average actinide concentration in each study area. Methodologies for 

estimating these variables are described below. 

Water Balance 

Estimating the shallow groundwater yield to surface water or the surface water recharge to shallow 

groundwater for each study area involved subtracting the input water yields from the output water 

yields as shown in Equation (1). 

SGW = (YIELDOW + EVAF' + STOR) - (YIELDIN + T R I B m  + HlLLm + TRANSm) (1) 

where: 

SGW: 

YIELDOUT:  

EVAF? 

STOR: 

YIELDIN: 

TDIN: 

April 2002 

Shallow groundwater yield to surface water (+); 
Recharge to shallow groundwater (-); 

Surface water yield output; 

Evaporative losses (applied to study area with ponds); 

Change in pond volume storage (+ equals increased storage); 

Surface water yield input; 

Tributary surface water yield input; 
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Hillslope Runoff 
(Not captured by tributary) 

Pond Storage Volume - 
Net Decrease Over Time 

HILLIN: 
TRANSm: 

Hillslope water yield input (from WEPP model); and 

Transfer of water from the other drainages to the A-Series ponds 

(transfers of Landfill Pond water to Pond A-3, for example). 

WEPP Runoff / Erosion Model (Model) 

Archived RFETS Pond Level Data and 
StageEtorage Relationships (Model) 

Data sources for each of the variables in Equation 1 are shown in Table TA15-1. 

output 

Table TA-5-1. Input and Output Variables Used in Water Balance for Each Study 
Area 

Pond Transfers 
(Pond study area only) 

Evaporation 
(Pond study area only) 

Archived RFETS pond transfer volume data 

RMRS 1999 Evaporation Study (Model) 

I Input I Channel Inflow 1 Surface Water Monitoring Network (Measured) I 

Pond Storage Volume - 
Net Increase Over Time 

I I Tributary Inflow I Surface Water Monitoring Network (Measured) I 

Archived RFETS Pond Level Data and 
StageEtorage Relationships (Model) 

Shallow Groundwater Quality 

Shallow groundwater wells selected to be representative of shallow groundwater quality in each 

study area were reviewed with Site personnel knowledgeable in RFETS shallow groundwater and 

well characteristics. Wells used to evaluate shallow groundwater actinide concentrations were: 1) 

alluvial wells in connection with surface water; or 2) wells in outcropping sandstone formations 

that issue shallow groundwater to the surface. Shallow groundwater wells used and actinide data 

from Water Years 1997 through 1999 are presented in Table TA-5-2. 
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Table TA-5-2. Shallow Groundwater Well Results Used for Mass Balance Analyses . 

outh Inter. Ditch 

Calculation of Shallow Groundwater Loads 

Shallow groundwater actinide loads were calculated for each study area and for each year from 

Water Year 1997 through 1999. The loads were calculated by multiplying the water balance result 

by the shallow groundwater well actinide concentration. Channel reaches that gained shallow 

groundwater gained actinide load. Accordingly, reaches that lost shallow groundwater lost 

actinide load to the shallow groundwater. 
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TA-5.2.2 Uncertainty Analysis 
a 

Mass Balance Uncertaintv 

There is considerable uncertainty associated with the quantification of the concentration and 

mobility of trace constituents in the environment, largely due to sampling and monitoring 

techniques and the limitations of chemical analysis methods and instruments. The mass balance 

analysis in this report is based on two fundamental components for each media: 1) the quantity of 

actinide in the soil, air and water; and 2) the rate of movement of the actinide bearing material in 

each media. There is an amount of quantifiable uncertainty associated with the measurement of 

each of these components, but there are also elements of uncertainty which are known to exist but 

are very difficult to quantify. 

Uncertaintv Based on Measured Data 

Accurate surface-water flow measurement largely depends upon the type and condition of flow- 

measurement devices such as flumes and weirs, which have an inherent uncertainty of between 5 

to 10 96 (USBR, 1998). Additional error is associated with continuous measurement of water level 

(stage) in the device using an electronic flow meter (Grant and Dawson, 1995). For this analysis, a 

standard 10 9% error was conservatively applied to the flow measurement data and this error was 

assumed one standard deviation from the true flow. Therefore, the square root of the error term is 

the variance for the number of liters of measured stream flow. The example given below 

illustrates how the error terms are calculated for the flow component of the actinide load estimates. 

* 

The actinide water samples are analyzed by alpha spectrometry for PU, Am and U isotopes and 

each analysis is reported with a counting error term that is based on background radiation hitting 

the detector, detector efficiency and other factors. Data analysis indicates higher counting errors 

are typically associated with lower actinide concentrations. In other words, the uncertainty in the 

radiochemical analyses decreases when there is more radionuclide present to detect. 

The counting error is based on the Poisson distribution, which is commonly used for counted data, 

such as the number of disintegrations of actinide atoms per unit time (Iman and Conover, 1983 and 0 
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Kaiser Hill, 2000). The counting errors reported with the analytical results are two standard 

deviations (20 error) from the mean background activity. For this analysis, the 20 error for each 

sample analysis was divided by two to obtain the standard deviation ( l a  error) for the 

radiochemical analysis. 

Example: 

Consider a Pu-239/240 analysis with a result of 0.05 pCiL and a 20 error = +/- 0.04 pCi/L 

collected over a flow of 26,520 m3 (87,008 cubic feet). 

Example Flow Measurement: 

87,008ftj = 2,464,067 Liters 

Error = Ten percent offlow 

= 0. IO x 2,464,067 Liters 

= 246,407 Liters 

From the radiochemical analysis: 

2 o error = 0.04 

I oerror = 0.02 

Next, compute the actinide load by multiplying the flow by the actinide concentration as follows. 

Pu Load = 0.05pCiL x 2,464,067 Liters = 123,203 pCi 

The la error is converted to a percentage of the analytical result to obtain the relative standard 

deviation for the analysis. 
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e 
Analytical Relative Standard Deviation (96) = (1 oerror / result ) x 100 

Per the example: (0.04/0.05) x 100 = 80% 

The la error for the flow measurement is 10 %. Because the flow is multiplied by the 

concentration to obtain the load, the standard deviation of the estimate is calculated as follows 

(Skoog and West, 1980). 

Load Relative Standard Deviation = ((Flow Relative Std. Dev.)2+(Analytical Relative Std. 

D ~ v . ) ~ ) ' . ~  

2 0.5 - Per the example: Load Relative Standard Deviation =((0.10)2 + (0.80) ) - 0.81 

The absolute load standard deviation is computed by multiplying the load relative standard 

deviation by the load as follows. 

Absolute Standard Deviation = (Pu Load) x (Load Relative Standard Deviation) 

Thus per the example: Absolute Standard Deviation = 123,203 pCi x (0.81) = 99,794 pCi. 

Squaring the absolute standard deviation gives the variance: 

var1 = (99,794 pCi)2 = 9,958,928,259pCi2 

This example shows how the variance for a single measured actinide load is computed. To obtain 

the annual average standard deviation on the average annual load, the square root of the sum of the 

variances is computed for all of the measurements in a water year. 

0.5 Annual Average Standard Deviation = (Z(var1, var2, . . . var,,,)) 

Finally, the coefficient of variation (C.V.) is computed by dividing the annual average standard 

deviation by the annual mean load and converted to a percentage as shown. 

C.V.=L(%) = (Annual Mean Load (pCi) /Annual Average Standard Deviation (pCi)) x 100 
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1 

e 
This methodology was used to estimate the uncertainties associated with the measured annual Pu 

and U-238 loads in the Walnut Creek and SID study reaches. Lower Walnut Creek uncertainty 

analysis results are shown in Table TA-5-5 and Table TA-5-8 for Pu and U-238, respectively. The 

A- and B-Series ponds uncertainty analysis results are shown in Table TA-5-11 and Table TA- 

5-17 for Pu and U-238, respectively. Finally, SID uncertainty analysis results are shown in Table 

TA-5-17 and Table TA-5-20 for Pu and U-238, respectively. The results of the analysis indicate 

that the coefficients of variation for estimation of actinide loads at surface-water gaging and 

sampling stations ranges from less than 10 % to as high as 2,528 %. 

Estimated Uncertainty for Models 

Modeled results were also used to evaluate the actinide mass balance, but quantification of the 

uncertainty of the modeled results is not as straight forward. The erosion / sediment transport and 

air transport models estimate actinide movement believed to be accurate within an order of 

magnitude (factor of 10 or 1,000 %). The runoff quantities estimated by the erosion and sediment 

transport models are believed' to be accurate to within 0.5 orders of magnitude (factor of 5 or 500 

%). The uncertainties of the models are based on comparison of predicted results with measured 

data. 

The shallow groundwater component of the mass balance was estimated by computing a flow mass 

balance between the gaging stations per the flow records measured at each station. Therefore, the 

uncertainty associated with the shallow groundwater flow was estimated by computing the sum of 

squared standard deviations for flow for each gaging station in each study reach. The uncertainty 

associated with the actinide transport in shallow groundwater is computed as follows. 

Shallow Groundwater Loading Uncertainty = 

((Relative Flow Standurd Deviation)2 + (Relative Load Standard Deviantion f )"' 

For this analysis, the 2 0  errors for each analysis were not available in the shallow groundwater 

data set. Therefore, the standard deviations for station GS 11 were assumed to be representative for 

the shallow groundwater load because of the low concentrations at GS11, which are similar to the 
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e 
shallow groundwater concentrations. The volume-weighted average relative analytical standard 

deviation at GS11 is approximately 62 % for Pu and 14 % for U-238. Similar assumptions were 

made when data were not available for quantifying the uncertainty of the loading estimates for 

other selected gaging stations. These assumptions are noted at the bottom of the tables quantifying 

uncertainty for the different surface water study areas. 

Qualitative Uncertainties 

There are many sources of uncertainty in the monitoring data and models that can be identified, but 

not necessarily quantified. Sources of error are associated with sampling methodology, sample 

preparation and sample analysis, to name a few. 
- ._ .". ._._ - __._ ^__ .- 

For example, surface-water samples collected for actinide analysis are obtained using automatic 

water samplers with fixed-position intakes in the streams. The fixed position in the water column 

might not accurately represent average water-quality conditions, especially for high flows. This 

sampling uncertainty has not been quantified for Site water monitoring stations. However, the 

AME intends to estimate this element of sampling error through data collection in 2001. 0 

Another example of uncertainty is in sample preparation. The sample preparation protocols can 

introduce uncertainty due to the particulate nature of actinides in the environment. In the field, 

composite water samples are collected in 15 to 22-Liter plastic containers (carboys), but only four 

liters are containerized for radiochemical analysis. The water is acidified and homogenized as 

much as possible in the carboys before pouring off the four liters, but particle-associated actinides 

are likely not always dissolved by the acid nor appropriately homogenized and represented in the 

water samples submitted for analysis. 

There are no standard methods for radiochemical analysis that ensure comparable results from 

different laboratories. Each lab has slightly different methods of sample preparation and analysis 

and thus introduces uncertainty that is not quantified. 

j. 
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TA-5.2.3 Lower Walnut Creek Mass Balance Analysis 

Lower Walnut Creek Pu Mass Balance 

Results from the Pu mass balance analysis for lower Walnut Creek, using measured and modeled 

data combined for Water Years 1997 through 1999, are presented in Table TA-5-3. The data 

represent average annual Pu loads in Water Years 1997 through 1999 for all input and output loads 

measured or estimated for the study area. Net gain or loss in the outflow load compared to inflow . 
I 

load is presented at the bottom of the table. I 

I 

Table TA-5-3. Lower-Walnut Creek, Pu Mass Balance Results - _- 

Measured and Modeled Data Combined, Average for Water Years 1997 - 1999 

Pu-2391240 Inputs Pu;2391240 Outputs 
Measured inputs Measured Outputs 

Subtotal I.lE+OT 

Modeled inputs 
Hill Erosion ]Diffuse input I 4.3€+05 

I N r  Depo. IDiffuse input I 3.5E+03 I 
Subtotal 4.3E+05 

input Description Load (pC1) 
I-, [GSO%~~$??%5f~Wdnut Ck I 1.4E+07 - 

Subtotal 1.4E+07 

Modeled Outputs 
IGroundwater IDiffuse Output I 1.8E+051 
~~~ 

Subtotal I.aE+05 

I I Total inputs l.IE+07 Total Outputs 1.4E+07 

Gain (+) or Loss (4 of Pu in Studv Area 
I I I 

Remarks I Change from 
input Load Variables 

Measured Data Onlv (Out - In) 
Measured + Modeled (Out - in) 

I t 1 

I 3.4E+06 I 3% IADDrox. 30% aain in Pu load 
I 3.2E+06 1 l h D  rox. 30% aain in Pu load 28% 

Table TA-5-4 contains summary information for each of the input and output loads, measured and 

modeled, in this mass balance analysis. Information includes sub-basin characteristics including 

size, percent impervious surface, average annual water yield, average surface water concentration 

of Pu, annual Pu load, the fraction that each load represents of the total input or output and the Pu 
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load delivered per square meter of the drainage basin. The same characteristics are presented for 

the modeled hillslope erosion. Modeled Pu loads conveyed by air deposition and shallow 

groundwater transport are also included in Table TA-5-4 for comparison purposes. 

0 

Table TA-5-4. Summary of Lower Walnut Creek Pu Loading Analysis 

0 

G S l l  

GS08 

GS41 

IOutDut Loads 

0.018 1.4E+O7 987% 1.5 9W.7 23740 10% 7.8E+08 628.7 GS03 Enure Walnut 
JMeasured) Creek walershed 

Groundwater 
Model) 

18.6 0.008 1.6EM5 1.3% N/A NIA NIA NIA NIA 2 3EM7 

Totals 8.OE+08 647.3 1.4E+07 100% - 

Pu load data for lower Walnut Creek are plotted by year from Water Year 1997 through 1999 

(Figure TA-5-1). Positive values in the bar graphs represent input loads of Pu and negative values 

represent output loads. This graph provides perspective on the annual variation of loads 

contributed by different sub-basins. 

A summary of the uncertainty analysis for the input and output loads, both measured and modeled, 

is presented in Table TA-5-5. Plots with error bars reflecting the uncertainty associated with the 

measured and modeled loads are presented in Figure TA-5-2. 
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Table TA-5-5. Uncertainty Analysis Summary - 
Lower Walnut Creek Pu Mass Balance 

hlDUt Loads 

Surface Water 

:Measured Loads) 

iroslon 
Model) 

Ur Deposltlon 
Model) 
5 ."?., ', ' , : ' 

3utput Loads 

GS08 2.1EW8 Flume 
2'Parshall 

36' contracted 

thinplate weir 
GS35 1 rectangular 1 1.5E+08 

GS41 I0.5'H-FlUme I 4.1E+05 I 2.1E+04 I 9.2E+03 I 2.6E+03 

WEPPl 

HEC6T'Pu I NIA I 2.2E+06 
Transport 

Model I I 

NIA I NIA I NIA 

iurface Water 

2.3€+07 

9.3€+05 3.2€+05 1.2€+06 

1.7EW7 1.4E+07 1.9E+O6 3.86+06 1.2E+07 1.6E+07 14% 

2.5EW7 1.8E+05 2.3E+05 4.6€+05 O.OE+OO 4.1E+05 126% 

Notes: 
The runoff volume uncertainly for erosion model results b 0.5 orders of magnitude and for actinlde loads is 1 order of magnitude based on 

Reference regarding flow measurement uncertainly: 
ccndusions of AME Eraslon and Sediment Transport Modeling Study. 

Parshall flumes - Techniques of Water ReSOurces Investigations of the United States Geological Survey. Use of Flumes In Measuring Discharge. 
Book 3. ChapterA14. p. 13. 

Figure TA-5-3 provides a compilation of Pu surface soil and sediment concentrations, actinide 

source locations, vegetation type, soil type and shallow groundwater potentiometric surface 
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information for the lower Walnut Creek study area. This provides a general reference for the mass 
0 

balance discussion. 

Analvsis of Lower Walnut Creek Pu Mass Balance Results 

Analysis of measured data only for the lower Walnut Creek Pu mass balance is contained in 

Section TA-4.3.5. This analysis included discussion of the large load measured at station GS08 in 

Water year 1999 which was attributed to one flow-paced composite sample collected from June 

23, 1999 to August 5,1999. This sample was 50 times higher than the mean concentration of the 

other Water Year 1999 samples at that location. No increased Pu loads were observed downstream 

in Water Year 1999. 

The mass balance shows that approximately 4 % of the total Pu input to the reach is estimated to 

come from erosion caused by overland runoff and 0.03 % is estimated to be caused by airborne 

deposition of Pu. Losses to shallow groundwater are estimated to account for approximately 2 % 

of the total Pu load out of the channel reach. Comparison of the measured and modeled Pu load 

input and output in this reach indicates that roughly one fourth of the average annual load gained in 

the reach could be accounted for by streambed sediment resuspension and channel erosion. 

The hillslope and channel erosion and deposition processes that move the Site’s Pu inventory in 

the soil are an ongoing process. Foster and Hakonson (1984) used modeling techniques and 

measured data to estimate Pu mobility due to erosion and sediment transport on a broad, regional 

scale. They concluded that about 9 to 48 % of the originally deposited Pu in U.S. soils will remain 

after 1,000 years. Accordingly, the soil and streambed erosion process is expected to move Pu 

through the Site watersheds for a long time. The impacts of hillslope erosion and sediment 

transport on actinide migration are detailed in the Report on Soil Erosion, Surface-Water Sediment 

Transport at the RFETS (RMRS, 2000). 

The contribution of actinides to surface water by airborne deposition is relatively small compared 

to other pathways; primarily because the surface area of the stream channels and ponds is small 

compared to the entire watershed. However, the airborne pathway provides a nearly constant. 

source of actinide transport. Langer showed that Pu concentrations in air just east of the 903 Pad 
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were approximately 20 to 30 times background concentrations during the period 1970-1977, but 

the time trend mirrored background concentrations that were affected by atmospheric nuclear 

testing (Langer, 1980). Emission rates for Pu in airborne soil particles are derived in the Air 

Transport and Deposition of Actinides report (Radian, 2000). 

The estimated loss to shallow groundwater, approximately only one percent of the outflow load in 

this analysis, is more logical for U than for Pu and Am because of the relatively higher solubility 

of U (see Section TA-3). The shallow groundwater transport process is not as likely to occur for 

Pu and Am, which are adsorbed to particulate phases. However, Kersting et al. (1999) 

demonstrated that colloidal Pu can move extended distances in the subsurface and Santschi et al. 

(1998-2000) showed that approximately 10 % of the Pu in surface water at the Site is in a colloidal 

form. Therefore, it is realistic to assume that there is some colloidal transport of Pu and Am in Site 

shallow groundwater associated with the loss of surface water to the alluvial systems. 

The biological pathway was not considered in this pathway analysis. Thompson (1975) and Paine 

(1990) found Pu in multiple vectors in the aquatic system, include fish, crayfish, zooplankton and 

seston. The annual off-site transport of actinides via this pathway is small and thus not 

incorporated in predictive models (Whicker, 2000). However, approximately lx  

plutonium inventory is estimated to be redistributed by a major biological vector, mule deer, on an 

of the Site 

annual basis (Whicker, 1979). More detailed discussion of biological transport mechanisms is 

provided in Section TA-5.4. 
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Lower Walnut Creek U-238 Mass Balance e 
Results from the U-238 mass balance analysis for lower Walnut Creek, using measured and 

modeled data combined for Water Years 1997 through 1999, are presented in Table TA-5-6. The 

data represent average annual U-238 loads in Water Years 1997 through 1999 for all input and 

output loads measured or estimated for the study area. Net gain or loss in the outflow load 

compared to inflow load is presented at the bottom of the table. 

Table TA-5-6. Lower Walnut Creek, U-238 Mass Balance Results - 
Measured and Modeled Data Combined, Average for Water Years 1997 - 1999 

U-238 InDuts 
s 

I 
Tributa 
Tributa 

Subtotd 3.4E+08 

I Totd lnwts 8.9E+08] 

U-238 OUtDUtS 

Subtotd 7.2E 4 8  

I Totd Outwts 7.2E 4 8 1  

Gain I+) or Loss (4 of U-238 in Studv Area 
I I I 

LMeasured + Modeled (Out - In) I -1.7E+08 I -19% lApp rox. 20% removal of U-238 load I 

Table TA-5-7 contains summary information for each of the input and output loads, measured and 

modeled, in this mass balance analysis. Information includes sub-basin characteristics including 

size, percent impervious surface, average annual water yield, average surface water concentration 

of U-238, annual U-238 load, the fraction that each load represents of the total input or output and 

the U-238 load delivered per square meter of the drainage basin. The same characteristics are 

April 2002 5-1 7 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

presented for the modeled hillslope erosion. Modeled U-238 loads conveyed by air deposition and . 
shallow groundwater transport are also included in Table TA-5-7 for comparison purposes. 

Monbrlng Buln Subguln  Sbe Appmx. K Water Weld U-PS U+WLord#al  
lmpswious (AnnwJAvenge) Concen (Ann4 Total 

.I ’ (Annual Awngo) @ut . .  Avmgo) lord 

Loatlon Deedptton 

e _ I  
I .  

U h 8  
YW,prr  
UnttArq- 
(Annual 
Averago) 

Nom lnduttrlal Area 
GS” 178. 441. 16% 321.5 0.950 3.EEME 42.1% 210.8 Runon ma Pond A- 
(Measured) 

(HedPmslI (Acres) rn) ruters,lcA€re-Feetr ~PCVLI I (Pa) 

IGso8 (Measured) (Ec:?$q 105.31 260.4 31% I 2 . 1 ~ 4  170.4 0 . 8 4  1.8E+O{ 20.14 170.6 

fw) I { ~ m ~ - y e  

960.7 2374.0 10% 7.8EME 628.7 0.863 6.7EMB 92.8% 69.6 

WA NIA N/A N/A 2.3E*07 18.6 2252 5.2E407 7.2% N/A 

GSO3 Entire Walnut ueek 
JModel) wetshed 
Groundwater 
JModel) 

72E*oE 1OOY. - Totals B.OE+OE 647.3 - 

U-238 load data for lower Walnut Creek are plotted by year from Water Year 1997 through 1999 

(Figure TA-5-4). Positive values in the bar graphs represent input loads of U-238 and negative 

values represent output loads. This graph provides perspective on the annual variation of loads 

contributed by different sub-basins. 

A summary of the uncertainty analysis for the input and output loads, both measured and modeled, 

is presented in Table TA-5-8. Plots with error bars reflecting the uncertainty associated with the 

measured andimodeled loads are presented in Figure TA-5-5. 
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Surface Water 
(Modeled Loads) 

Table TA-5-8. Uncertainty Analysis Summary - Lower Walnut Creek U-238 Mass 
Balance 

lnaut Loads 

Uyme 
Gs33 0.5*Parshall 4,1E+07 

38' mlracled 
.OS35 rectangular Ulin- 1.5EW 6.9E106 2.1EM8 8.5E+06 

D!ate weir 

2.2E106 1.3E+08 6.8Em 

GS11 2' Parshall Flume 4.OEW 0,0E+06 3.6EW8 1.3EM7 
Surface Water 
(Measured 
Loads) GS08 2'ParshaU Flume 2.1E108 7.5E+OB 1.8E+08 1.2E+07 

:E::$ 7.8E+08 1.7E+07 6.7E+08 1.5E+07 3.OE+07 6.5E+08 6.8E+08 

NJA 2.3EW7 2.5€+07 5.E+07 5.7E+07 1.1E+08 O.OE+OO , 1.1€+06 

Surface Water- GS03 
(Model) 

Groundwater Calculaled 
(Model) 

2% 

110% 

I -  

1.4E+07 I 1.2E+08 I 1.4E+08 I 5% 

1.8E+07 I 2.OE+08 1 2.2E+O6 1 5% 

Figure TA-5-6 provides a compilation of U-238 surface soil and sediment concentrations, actinide 

source locations, vegetation type, soil type and shallow groundwater potentiometric surface 

information for the lower Walnut Creek study area. This provides a general reference for the mass 

balance discussion. 

Analvsis of Lower Walnut Creek U-238 Mass Balance Results 

In contrast with Pu, which acquires additional load in lower Walnut Creek, the mass balance for U- 
238 estimates that approximately 20 % of the input U-238 load will "drop out" in the reach. The 
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lack of U-238 data in Water Years 1997 through 1999 made necessary the estimation of U-238 0 
concentrations for the GS33, GS35 and GS41 sub-basins using historic samples from those 

locations. The estimated concentration of 3.2 pCi/L, based on one sample collected in 1990, is 

relatively high compared with the consistently measured U-238 concentrations across the Site of 

approximately 1 to 2 p C i L  Therefore, the predicted inflow load of U-238 from station GS33 

could be overestimated. 

The 2.3-pCiL U-238 concentration in shallow groundwater is based on sample results from two 

wells in Lower Walnut Creek (Figure TA-5-6). This compares with the mean background 

concentration of U-238 in alluvial, shallow groundwater of 4.60 pCi/L ( R M R S ,  1996). 

As noted in Section TA-4, the total U concentrations from Water Years 1997 through 1999, at 

RFETS POE and POC monitoring stations,.averaged, after converting activity to mass, 

approximately 2 to 5 pg/L. This is roughly one order of magnitude less than the recently 

established 30 pg /L MCL for drinking water. 
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Change from 
Variables Delta (PW Input 

Measured Data Only (Out - In) -2.9E+07 -76% 
Measured + Modeled (Out - In) 4.4E+07 -82% 

TA-5.2.4 A- and B-Series Ponds Mass Balance Analyses 

Remarks 

76% of inflow Pu accumulates 
82% of inflow Pu accumulates 

A- and BSeries Ponds Pu Mass Balance 

Results from the Pu mass balance analysis for the A- and B-Series ponds, using measured and 

modeled data combined for Water Years 1997 through 1999, are presented in Table TA-5-9. The 

data represent average annual Pu loads in Water Years 1997 through 1999 for all input and output 

loads measured or estimated for the study area. Net gain or loss in the outflow load compared to 

inflow load is presented at the bottom of the table. 

Table TA-5-9. A- and B-Series Ponds, Pu Mass Balance Results - 
Measured and Modeled Data Combined, Average for Water Years 1997- 1999 

Pu InDuts 
Measured InDuts 

Input Description Load IpCi) 
I*+~N. Walnut In 8.7E+063+ 

I 1.7E+05 * 
* %dTributary 1 lE+06 + 

Subtotal 3.9E+07 

Madeled lnauts 

Erosion Diffuse Input 8.2E+06 + 
Groundwater Diffuse lnDut 1.2E+05 + 
:Air Dewsition Diffuse lnwl 6.5E+06 + 

Subtotal 1.5E+07 

I Total Inputs 5.4E+071 

PU OUtDUb 
Measured Outputs 

,in;ut IDescri~tion !Load b c i )  , + 0 11- * N Walnutout 2.5E+06 
-b OSOS 4 S. Walnut Out 6.9E+06 

Subtotal 9.48+06 

I Total Outputs 9.4E+061 

Table TA-5-10 contains summary information for each of the input and output loads, measured 

and modeled, in this mass balance analysis. Information includes sub-basin characteristics 

including size, percent impervious surface, average annual water yield, average surface water 

concentration of Pu, annual Pu load, the fraction that each load represents of the total input or 

output and the Pu load delivered per square meter of the drainage basin. The same characteristics 
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a are presented for the modeled hillslope erosion. Modeled Pu loads conveyed by air deposition and 

shallow groundwater transport are also included in Table TA-5-10 for comparison purposes. 

Table TA-5-10. Summary of A- and B-Series 

- . *  Desaiption * Imprrvf- 
Mo~ngLoCatlon Buln Sub.BednSljre ~pprox.% 

North IndUSbid Area 
Runoft 

Central IndusMal Area 
Runoft 

4.4 10. 5% Nonhtrasr lndusmal 
Area Runofl 

NIA NIA wwrp 
(Measured) 

113.7 281. 1% Hillstope nmca (omer 
Umn measured fibs) 

NIA NIA NIA NIA 
Groundwater 
(Model) 

NIA NIA NIA NIA Air Dew. 
JModel) 

Totals 
~~ ~ 

,Outout Loads 

JMeasuredl R u n o f t r n ~ p o n e ~  
GSl 1 Nonh IndusWaI Area 

105. 260 soum InQlsMal Area 
mrn~ pone EM 

Note: Water yield input does not equal output because of evaporative lo 

c 

S 

3onds Pu Loading Analysis 

22E+O 178 

1 .ZE+O7 9.5 0.010 1 2 E a  02% WA 

N/A NIA N/A 6 . 5 E G  12.18% WA 

520.51 MA I 5AE*OTI 100KI NIA 
I * * : % -  

6AE*081 
* I  

321. 0. 

2.1 EM8 170.8 0.033 6 . 9 E G  73.7% 6.6 

6.1E+08 4822 - S.4E+06 100% - 
ses in ponds. 

Pu load data for the A- and B-Series ponds are plotted by year from Water Year 1997 through 

1999 (Figure TA-5-7). Positive values in the bar graphs represent input loads of Pu and negative 

values represent output loads. This graph provides perspective on the annual variation of loads 

contributed by different sub-basins. 

A summary of the uncertainty analysis for the input and output loads, both measured and modeled, 

is presented in Table TA-5-11. Plots with error bars reflecting the uncertainty associated with the 

measured and modeled loads are presented in Figure TA-5-8. 
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4.OE+08 9.9E+04 2.5E+06 5.OE+05 1.0€+06 GS1 2 Parshall 
Surface Water 

(Measured Loads) Gso8 2'Parshall 

Flume 

2.1€+08 7.5€+06 6.9€+06 1.4E+06 2.7E+06 
Flume 

Table TA-5-11. Uncertainty Analysis Summary - A- and B-Series Ponds Pu Mass 
Balance 

2.OE+06 3.0€+06 20% 

5.6€+06 8.3E+06 20% 

, llnaut Loads 

(Measured Loads) 

Eroslon (Model)" 

SW093 

swo91 

WEPPI 
HEC6T/ Pu 
Transport 

3'Par~hall t I 

7.5E+05 1.8€+05 Flume 

60" V-notch 
Weir 

7.4E+06 2,5EM8 

N/A 5.1E+06 2.6E+07 

N/A 1.2€+07 2.8€+07 

WA N/A NA 

7.9€+06 

2.7E+07 

1.5E+05 

O.OE+OO 

O.OE+OO 

O.OE+OO 

9.5E+06 9% I 
3.1E+07 6% I 
1.8E+05 I 10% 

2.4E+06 I 127% 

9.OE+07 1000% I 
4.1E+05 I 243% 

Notes: 
'Uncertainty for Pu load at WWTP Is assumed to be equal to uncertainty at GSO8 
'The runoff volume uncertainty for erosion model results is 0.5 orders of magnitude and for actinide loads Is 1 order of magnitude based On 

Reference regarding Row measurement uncertainty: 
condusions of AME Erosion and Sediment Transport Modeling Study. 

Parshall flumes - Techniques of Water Resources Investigations of the United States Geological Survey. Use of Flumes In Measuring Discharge. 
Book 3. Chapter A14.D. 13. 

Figure TA-5-9 provides a compilation of Pu surface soil and sediment concentrations, actinide 

source locations, vegetation type, soil type and shallow groundwater potentiometric surface 

information for the ponds study area. This provides a general reference for the mass balance 

discussion. 
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Analvsis of A- and B-Series Ponds Pu Mass Balance Results 

The mass balance using measured data only showed Pu removal efficiency in the A- and B-Series 

ponds of approximately 76 % of the input load. This ratio of inflow load “trapping” and its 

consistency with historic measurements, is di,scussed in Section TA-4.3.6. 

The increased Pu removal by the ponds in the mass balance analysis using measured and modeled 

data combined is due to the additional load accounted for in the hillslope erosion, airborne 

deposition and shallow groundwater models. 

Calculation of the Pu mass balance for the A- and B-Series ponds (Figure TA-5-8) shows that 

about 83 % of the Pu input to the ponds is removed from the surface-water column within the 

reach. The Pu removal is dominated by physical settling of Pu associated with particles. Santschi 

et a1 used measurements of Thorium(IV), as an analogue of Pu(IV), in dissolved, particulate and 

total fractions of Pond B-5 water to estimate the time, approximately one day, required for a four- 

valent ion to be sorbed to particulate material and removed from the water (Santschi, 2000). The 

terminal ponds discharge approximately every 45 to 60 days; allowing ample settling time for 

settleable solids. However, Santschi et a1 (2000) also showed that about 10 % of the Pu in Site 

runoff is associated with colloidal-size particles which will not settle from the water column 

because they are kept in suspension due to their surface charge and Brownian motion. These 

findings are consistent with the monitoring data shown in the mass balance. 

Air deposition accounts for approximately 12 % of the Pu input to the A- and B-series ponds, 

which is comparable to the estimated 15 % erosion pathway contribution. Although the air 

deposition and hillslope erosion models may overestimate by up to one order of magnitude, it is 

notable that they exceed the estimated tributary surface water load input of 2 %. The airborne 

transport pathway for Pu in the A- and B-Series ponds is substantial due to the close proximity of 

the ponds to the Industrial Area and the relatively large surface area of the ponds compared to 

stream channel surface areas in other reaches. Most of the transport through the reach is driven by 

surface water runoff from the highly impervious Industrial Area. 
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The mass balance in Figure TA-5-8 shows that this reach is gaining water from the shallow 

groundwater, which has relatively low Pu concentration (0.01 pCi/L). The estimated shallow 

groundwater contribution is less than one percent of the Pu to the reach. Whether this quantity of 

Pu would actually reach the surface water is debatable due to the colloidal nature of Pu in shallow 

groundwater and the retardation of colloidal material by the interstices of the subsurface. 

r 

A- and B-Series Ponds U-238 Mass Balance 

Results from the U-238 mass balance analysis for the A- and B-Series ponds, using measured and 

modeled data combined for Water Years 1997 through 1999, are presented in Table TA-5-12. The 

data represent average annual U-238 loads in Water Years 1997 through 1999 for all input and 

output loads measured or estimated for the study area. Net gain or loss in the outflow load 

compared to inflow load is presented at the bottom of the table. 

Table TA-5-72. A- and 9-Series Ponds, U-238 Mass Balance Results - 
Measured and Modeled Data Combined, Average for Water Years 1997 - 7999 

U-238 Inputs U-238 Outputs 
Measured Outouts 

Subtotal 5.6E+08 

Modeled Inputs 
GroundwatdDiiuse Input I 1.9€+081* 

JAir IDiuselnput I 2.7€+061* 
Subtotal 2.OE+08 

Subtotal 5.6E+08 

1 Total Inputs 7.58+081 I Total Outputs 5.6E+08] 

~ 
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G S l l  
(Measured) 

GS08 
JMeasured) 

Table TA-5-13 contains summary information for each of the input an&output loads, measured 

and modeled, in this mass balance analysis. Information includes sub-basin characteristics 

including size, percent impervious surface, average annual water yield, average surface water 

concentration of U-238, annual U-238 load, the fraction that each load represents of the total input 

or output and the U-238 load delivered per square meter of the drainage basin. The same 

characteristics are presented for the modeled hillslope erosion. Modeled U-238 loads conveyed by 

air deposition and shallow groundwater transport are also included in Table TA-5-13 for 

comparison purposes. 

67.7% 210.8 178.6 441.3 16% 4 . O E W  321.5 0.950 3.8ENS Noah lndusmal Area 
Rnu Pond A4 

soum lndusvlal Area 105.3 260.2 31% 21EM8 170 8 0.853 1.8€+08 32.3% 170.6 
Runoff Thru Pond 8-5 

Table TA-5-13. Summary of A- and B-Series Ponds U-238 Loading Analysis . 

Totals 5.6E+08 100% - 6.1E+o8 4922 - 

U-238 load data for the A- and B-Series ponds are plotted by year from Water Year 1997 through 

1999 (Figure TA-5-10). Positive values in the bar graphs represent input loads of U-238 and 
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negative values represent output loads. This graph provides perspective on the annual variation of 

loads contributed by different sub-basins. 

a 

Surface Water GS1 t 2' Paman Flume 4.OE+08 9.9€+04 3.8E+08 1.3E+07 2.7E+07 3.6E+08 

GS08 2' Parshall Flume 2.1E+08 7.5E+08 1.8E+08 1.2€+07 2.3€+07 1.7E+08 

A summary of the uncertainty analysis for the input and output loads, both measured and modeled, 

is presented in Table TA-5-14. Plots with error bars reflecting the uncertainty associated with the 

measured and modeled loads are presented in Figure TA-5-11. 

3.9€+08 4% 

t.BE+OB 6% 

Table TA-5-14. Uncertainty Analysis Summary - A- and B-Series Ponds U-238 
Mass Balance 

llnput Loads 

Surface Water 

(Measured Loads) 

Eroslon (Model)* 

Groundwater 
(Model) 

SW003 

GSlO 

swoo1 

WEPP/ 
HECBT/ Pu 
Transport 

Model 

Calculated 

3' Parshall Flume 
with 3 2.2E+O8 4.8€+08 2.6E+08 7.0€+08 

Rectangular Weir 
lnserl 

8' Parshall Flume 1.5E+08 3.2€+06 2.OE+08 5.8€+08 

1.8E+05 1.4E+06 1.OE+05 cutthma' 
Flume 7.5E+05 

60°V-notch Weir 2.5E+08 7.4€+06 0.4E+07 1.8E+07 

N/A 5.1E+08 2.6E+07 

N/A I 1.2€+07 I 2.8E+07 I 1.9E+08 I 4.6€+08 

N/A I N/A I NA I 2.7€+08 I 2.7E+07 

1.4E+07 2.5E+08 2.7E+08 3% H I  
1.2€+07 I 2.OE+08 I 2.1E+08 I 3% 

2.1E+05 I 1.3€+06 I 1.5E+08 I 7% 

3.7E+07 1 7.5€+07 1 t.lE+08 1 20% 
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a Figure TA-5-12 provides a compilation of U-238 surface soil and sediment concentrations, 

actinide source locations, vegetation type, soil type and shallow groundwater potentiometric 

surface information for the ponds study area. This provides a general reference for the mass 

balance discussion. 

Analvsis of A- and 6-Series Ponds U-238 Mass Balance Results 

The mass balance for U-238 in the A- and B-series ponds (Figure TA-5-11) is markedly different 

from the balance for Pu, owing to the differences in solubility of these actinides (Section 3). The 

U-238 mass balance shows that U-238 input and output in surface-water are equal in this reach, but 

there is U-238 input from shallow groundwater and airborne U-238 contribution to the reach as 

well: The result of the mass balance is a net 26 % of the U input accumulating in the reach. This 

result is consistent with the findings of Efurd et a1 (1993), who concluded that the largest source of 

anthropogenic radioactivity in the terminal ponds is from depleted U. Efurd et al. further states 

that approximately half of the U in Ponds A-4 and C-2 and 20 % of the U in Pond B-5 originated 

as depIeted U. Contrasting the U daughter isotopes with the'Pu activities in the pond sediments, 

Efurd et a1 point out that there is 70 to 450 times more alpha activity resulting from the decay of 
0 

naturally-occurring Radium (Ra) than alpha activity from Pu. 

The mechanisms for the estimated U removal and/or transport retardation in the A- and B- series 

ponds is not completely understood, but it is well-known that reducing environments can cause the 

precipitation of U mineral phases (see Section TA-3). Honeyman et al. found that the pond bottom 

sediments are reducing environments with micro-organisms that can create strongly reducing 

conditions (Honeyman et al, 1999). Ponds that become stagnant, such as Pond C-2, can thermally 

stratify and thus create reducing environments at depth in the water column and in bottom 

sediments (RMRS, 1996). Therefore, there is a strong body of evidence that the ponds are 

removing U from the water column through reduction of U-VI to U-IV through natural occurring 

anoxic conditions, which are created and/or enhanced by microorganisms. Settling of particulate 

U in the ponds is also likely occurring, but data that specifically address this process are difficult to 

quantify due to the reactive transport of U in water. 
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TA-5.2.5 SID Mass Balance Analysis 
a 

SID Pu Mass Balance 

Results from the Pu mass balance analysis for the SID, using measured and modeled data 

combined for Water Years 1997 through 1999 are presented in Table TA-5-15. The data represent 

average annual Pu loads in Water Years 1997 through 1999 for all input and output loads 

measured or estimated for the study area. Net gain or loss in the outflow load compared to inflow 

load is presented at the bottom of the table. 

Table TA-5-75. SID, Pu Mass Balance Results - 
Measured and Modeled Data Combined, Average for Water Years 1997- 7999 

Pu-2391240 Inputs 
Measured Inputs 

I Total Inputs 8.8E+071 

Pu-2391240 Outputs 
Measured Outputs 

Subtotal 3.3E+06 

I Total Out~uts 3.3E+061 

Table TA-5-16 contains summary information for each of the input and output loads, measured 

and modeled, in this mass balance analysis. Information includes sub-basin characteristics 

including size, percent impervious surface, average annual water yield, average surface water 

concentration of Pu, annual Pu load, the fraction that each load represents of the total input or 

output and the Pu load delivered per square meter of the drainage basin. The same characteristics 

April 2002 5-29 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-10.5-01 

OUtDUt Load 
SW027 
LModel) 

Entire SID Basin 3.7€*07 29.7 0.090 3.3€+06 100.0% 3.8 

Totals 3.7€+07 2B.7 NIA 3.3E46 100% N/A 

e are presented for the modeled hillslope erosion. Modeled Pu loads conveyed by air deposition and 

shallow groundwater transport are also included in Table TA-5-16 for comparison purposes. 

Table TA-5-16. Summary of SID Pu Loading Analysis 

Pu load data for the SID are plotted by year from Water Year 1997 through 1999 (Figure TA- 

5-13). Positive values in the bar graphs represent input loads of Pu and negative values represent 

output loads. This graph provides perspective on the annual variation of loads contributed by 

different sub-basins. 

A summary of the uncertainty analysis for the input and output loads, both measured and modeled, 

is presented in Table TA-5-17. Plots with error bars reflecting the uncertainty associated with the 

measured and modeled loads are presented in Figure TA-5-14. 
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Surface Water 

Table TA-5-17. Uncertainty Analysis Summary - SID Pu Mass Balance 

h u t  Loads I 

SW027 Twin’ 3.7E+07 1.3E+06 3.3E+06 3.3E+05 6.5E+05 3.OE+06 3.6E+06 10% 
notch Weirs 

Surface Water 
(Measured Loads) 

Surface Water 
(Modeled Loads)’ 

Groundwater (Model) 

- .  

(Model)’ Flume 

I Hill Erosion NIA 
IModel) I 

2.6E+04 

3.2E+04 

3.2E+04 

3.2€+04 

1.7€+09 

2.5E+05 

O.OE+OO 9.6€+08 1OOO% 

O.OE+OO l.9E+05 182% 

loutnut Loads I 

Figure TA-5-15 provides a compilation of Pu surface soil and sediment concentrations, actinide 

source locations, vegetation type, soil type and shallow groundwater potentiometric surface 

information for the ponds study area. This provides a general reference for the mass balance 

discussion. 

Analvsis of SID Pu Mass Balance Results 

The mass balance for Pu in the SID watershed provides a good example how Pu transport is 

retarded by settling of particulates from the water column. The mass balance in Figure TA-5-14 

shows that 96 % of the Pu input to the SID is lost from transport in the water column in the SID 
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a channel. Only 3 % of the surface-water load can be accounted for by possible movement to the 

shallow groundwater. Settling of particulate actinides in the SID channel is consistent with the 

erosion and sediment transport models and the fact that the SID sediments contain about one pCi/g 

Pu ( R M R S ,  2000). This SID channel has many sections with abundant marsh vegetation such as 

cattails, cottonwood and willows, which commonly filter out particles from the surface flow 

(Walton-Day, 1996) (Figure TA-5-15). The channel has a shallow grade, which slows water 

velocity and promotes settling. The actinides deposited in the stream channel are available for 

resuspension by high-flow events such as intense rain storms that cause flooding (Section TA-6). 

The estimated soil and stream channel erosion from overland runoff in the SID watershed accounts 

for about 99 % of the predicted Pu transport in the SID. However, the erosion model uncertainty is 

estimated to be about one order of magnitude. Only slightly more than one percent of the Pu input 

to the SID comes from Industrial Area runoff that comes from the 400,600 and 800 areas. These 

estimates are based on historic surface water Pu concentrations from samples collected at outfalls 

for these Industrial Area basins. The estimated Pu load per square meter for the 600 and 800 areas 

(7.9 and 7.0 pCi/m2/year), respectively, is consistent with that measured in the northern Industrial 

Area at SW093, but less than the 42.5 pCi/m*/year, measured at GS10. The Pu load per square 

meter for the 400 area (1.7 pCi/m2/year) is less than that observed for other Industrial Area sub- 

basins with a relatively high percentage of impervious surface area. 

Air deposition of Pu in the SID channel accounts for less than one percent of the Pu input to the 

SID. Extending the SID Pu mass balance to the outfall of Pond C-2 (i.e. gaging station GS31) 

indicates that nearly all of the Pu transported in the SID is removed from the surface-water prior to 

flowing into Woman Creek for normal hydrologic conditions. However, some colloidal Pu is 

likely discharged from Pond C-2. The particle-size distribution of the Pu in GS3 1 water has not 

been measured. 

SID U-238 Mass Balance 

Results from the U-238 mass balance analysis for the SID, using measured and modeled data 

combined for Water Years 1997 through 1999 are presented in Table TA-5-18. The data represent 
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average annual U-238 loads in Water Years 1997 through 1999 for all input and output loads 

measured or estimated for the study area. Net gain or loss in the outflow load compared to inflow 

load is presented at the bottom of the table. 

Table TA-5-18. SID, U-238 Mass Balance Results - 
Measured and Modeled Data Combined, Average for Water Years 1997 - 1999 

1 U-238lnputs 
Measured Inputs 
Input Descridion Load IDCI) 

I l.lE+OB 
Subtotal 1.1E+05 

&f”””‘y PW %.X I Tflbuta 

Modeled In uts 
3.8€+06 

6OOArea Tributa I .6€+06 
BOOArea Tributa 2.8€+06 
Groundwate Diffuseln ut 4.0€+07 

Diffuse In ut 1.3€+05 
Subtotal 4.9E+07 

Total Inputs 4.9E+07 

U-238 Outputs 
Measured Outputs 
OMDM Descrbtlon Load bCi) 

I&bT;*%*ISID Out I 4.8€+071 
Subtotal 4.0€+07 

I Total Outputs 4.8E+071 

Table TA-5-19 contains summary information for each of the input and output loads, measured 

and modeled, in this mass balance analysis. Information includes sub-basin characteristics 

including size, percent impervious surface, average annual water yield, average surface water 

concentration of U-238, annual U-238 load, the fraction that each load represents of the total input 

or output and the U-238 load delivered per square meter of the drainage basin. The same 

characteristics are presented for the modeled hillslope erosion. Modeled U-238 loads conveyed by 

air deposition and shallow groundwater transport are also included in Table TA-5-19 for 

comparison purposes. 
, 
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Montibrfng 
Location 

&In Sub&wlnShe Appr0x.X WaterYleld U-238 U-238 %of W Y I e l d ,  
DescrlpUon Impervious (AnnualAverage) Concen. Load Total porUnlt 

Average) Average) Load (Annual - 

h c t a m ) l  (Awes) (30 ( ~ t e t r )  k w e e t :  (d: UL) (PCI) (%) (pci/m*-Yr), 

(Annul (Annual Input &ea 

Average) 

OUtDUt Load 

!Model) 
~ ~ 0 2 7  JMtim SID &sin I 86.7 214. 14% 3.7E+OT 29.7 1.318 4 . 8 ~ 7  100.0% 55.7 

Totals 3.7-7 29.7 NIA 4.0E47 100% NIA 

U-238 load data for the SID are plotted by year from Water Year 1997 through 1999 (Figure TA- 

5-16). Positive values in the bar graphs represent input loads of U-238 and negative values 

represent output loads. This graph provides perspective on the annual variation of loads 

contributed by different sub-basins. 

A summary of the uncertainty analysis for the input and output loads, both measured and modeled, 

is.presented in Table TA-5-20. Plots with error bars reflecting the uncertainty associated with the 

measured and modeled loads are presented in Figure TA-5-17. 
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Table TA-5-20, Uncertainty Analysis Summary - SID U-238 Mass Balance 

3' Parshall 
Flume 2E+05 GS42' I Surface Water 

(Measured Loads) 4iE 2 H-Flume 12E+07 

3,5E+06 600 Area 3' Cutthroat 
(Model) Flume 

800 Area 
(Model) H-Flumes 

0.5' and 1 .O' 5.5E+06 

IErwlon (Model)- 1 Hi'i Erosion I N/A 1 4.1€+06 (Model) 

1.2€+07 Groundwater N/A 
' (Model) 

Groundwater (Model) 

Alr DeposlUon Air Oepo. 
(Modell (Model) 

MA N/A 

8.6E+O3 

1.8€+05 

1 .8E+05 

1.8€+05 

NA 

1 .E+05 

3.8E+06 1.0€+05 I 2.1E+05 I 3.7E-6 

4 OEM7 

1.3E+05 

l.lE+OB 172% 

1 
1.4E+06 1000% I 

Output Loads 
. .  

Surface Water SW027 Twin* 1200v 3.7€+07 1.3E+06 5.€+07 3.€+06 5.6€+06 4.5E+07 5.1€+07 6% 
notch Weirs 

Notes: 
'Uncertalnly for U load at GS42 is assumed to be equal lo uncertainly at SW027. 
"Flow and Load Uncertainties for 400.600. and 800 Area runoff Is assumed lo be the Same as calculated for SWO91 in Walnut Creek due lo drainage SimilarilleS. 
"The runoff volume uncertainly for erosion model results is 0.5 orden of magnitude and for aclinide loads Is 1 order of magnitude based on 

Reference regarding Row measurement uncertainty: 
conclusions of AME Eroslon and Sediment Transport Modeling Study. Model data not available for U-238 load from hillslope erosion. 

Panhall flumes ; Techniques of ,Water Resources investigations of the United States Geological Survey. Use of Flumes In Measuring Discharge. 
Book 3. Chapter A14.0.13. 

Figure TA-5-18 provides a compilation of U-238 surface soil and sediment concentrations, 

actinide source locations, vegetation type, soil type and shallow groundwater potentiometric 

surface information for the ponds study area. This provides a general reference for the mass 

balance discussion. 
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Analvsis of SID U-238 Mass Balance Results 

The U-238 mass balance for the SID basin indicates that input U-238 loads area approximately 

equal to output loads. The dominant mechanism in this U-238 model, in sharp contrast to the Pu 

model for the same reach, is shallow groundwater transport. The estimated U-238 concentration of 

shallow groundwater (3.4 pCi/L) is based on the average of three wells located along the SID (see 

Table TA-5-2 and Figure TA-5-18). This compares with the estimated mean background 

concentrations for filtered (4.6 pCi/L) and unfiltered (10.5 pCi/L) alluvial shallow groundwater 

(RMRS, 1996). 

The U-238 surface water loads estimated for the 400,600 and 800 Areas are based on limited data 

from samples collected prior to Water Years 1997 to 1999. These limited data have less than half 

of the U-238 activity observed in the general Site-wide trend from Water Year 1997 through 1999 

when U-238 concentrations were approximately one pCi/L. Underestimation of U-238 loads from 

the southern Industrial Area would partially account for inordinately large percentage of input load 

from shallow groundwater. Regardless, taking the uncertainties of estimated loads into 

consideration, the role of shallow groundwater in U transport, when compared with Pu, is 
0 

substantial. 
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TA-5.2.6 Summary of the Surface Water Pathway Analysis - 
Using Measured and Modeled Data Combined 

Key findings from the mass balances presented in Section TA-5, that utilize a combination of 

measured and modeled data combined, are summarized in this section. These findings are 

compared with the pathways qualitatively described in the conceptual model. The measured and 

modeled data combined indicate an actinide transport pattern that supports the transport 

i mechanisms addressed in the conceptual model, with an exception being modeled airborne 

transport of Pu to the ponds. Modeled estimates indicate this pathway represents more than a 

negligible fraction of the input Pu load. This unique case, discussed further below, is counter to 

the conceptual model, which identifies the air-to-surface water pathway as minor. 

Deposition of airborne Pu and U to surface water contributes a negligible input to surface 

water loads in most cases. Model estimates for the airborne transport of Pu and U-238 to 

surface water indicate a relatively minor input load, less than one percent of the total, for all 

actinides in all study areas, with one exception. In the case of the A- and B-Series ponds, the 

modeled deposition of airborne Pu accounts for 12 9% of the total input load. The large surface 

area of the ponds and the existence of a large source for airborne Pu nearby, the 903 Pad area, 

causes the ponds to be impacted more by airborne Pu deposition than other surface water 

channels at the Site. 

In general, the role of airborne transport for Pu, versus U, is made evident by the obvious 

wind-driven plume of Pu in the surface soil apparent in the kriged surface soil data (Figure TA- 

2-8). 

Shallow groundwater is a minor pathway of Pu transport to or from surface water. The 

estimated average annual load of Pu conveyed in shallow groundwater comprises one percent 

or less of the total input or output load for any of the areas studied. The potential for colloidal 

Pu to be transported in the shallow groundwater is acknowledged and assumed to be the 

mechanism by which shallow groundwater Pu transport would most likely occur. Shallow 
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groundwater transport of particulate Pu via a sub-surface channel is also recognized as a 

potential transport mechanism but was not identified in this study. 

Shallow groundwater is a major pathway of U transport to or from surface water. Model 

estimates for U-238 in shallow groundwater ranged from 7 % of the output load in lower 

Walnut Creek to 83 % of the input load in the SID basin. This is in contrast to shallow 

groundwater transport of Pu, for which one percent or less of the total input or output load was 

estimated in all study areas. 

The Pu transport processes in the area of highest soil contamination are dominated by 

hillslope erosion and deposition in the SID. The SID sub-basin has areas, near the 903 Pad, 

with the highest Pu surface soil contamination at the Site. Model predictions indicate that 

hillslope erosion accounts for approximately 99 % of the input load to the SID. However, 

approximately 96 % of the estimated Pu load moved from the hillslopes and tributaries never 

reaches monitoring station SW027 at the downstream end of the SID. The erosion model 

overpredicts either the amount of PU moved off the vegetated hillslopes or the Pu bound'to 

eroded material settles out in the channel. In either case, the net effect is that the measured Pu 
load delivered per square meter of drainage basin is 3.8 pCi/m2/year in the SID basin. This is 

roughly one tenth of the Pu load delivered per square meter delivered to surface water in the 

central Industrial Area at station GS10. 
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TA-5.3 GROUNDWATER PATHWAY ANALYSIS 0 
TA-5.3.1 Introduction 

Shallow groundwater represents another pathway by which actinides can potentially be 

transported. This study focuses on “shallow” groundwater because geologic conditions at RFETS 
limit the depth of groundwater potentially impacted by Site contamination. Shallow groundwater 

refers to water flowing in the Site’s alluvium and weathered bedrock geologic units and is found 

from just below the ground surface to depths of approximately 30 meters (100 feet). 

Shallow groundwater and surface water are inextricably linked. Water from stream channels 

infiltrates downward, recharging the shallow groundwater. Seeps discharge shallow groundwater 

to the surface. Therefore, it is not surprising that an actinide’s solubility, which controls actinide 

transport in surface water, also dictates actinide transport in shallow groundwater. Insoluble 

actinides, such as Pu, Am and U in the IV oxidation state, are generally considered to be relatively 

immobile in the soil and shallow groundwater environment due to their low aqueous solubility and 

tendency to strongly sorb on soil media (Cleveland et al., 1976 and Honeyman and Santschi, 

1997). However, work at FWETS as well as studies in the literature have shown that insoluble 

actinides can sorb to natural, sub-micrometer sized colloid particles that can potentially facilitate 

actinide movement (Santschi, 2000). Another transport process similar to surface water involves 

more soluble actinides, such as U in the VI oxidation state, that can move in solution with the 

, shallow groundwater flow. 

Beneath where shallow groundwater flows in the alluvium and weathered bedrock geologic units is 

a thick, highly impermeable, unweathered bedrock layer that prevents downward groundwater 

flow. Because the shallow groundwater is prevented from flowing vertically downward, it moves 

laterally along the unweathered bedrock surface and generally flows from west to east. The 

shallow groundwater flow is directed toward streams, where it either discharges as baseflow into 

the stream, evapotranspires to the atmosphere or continues as shallow groundwater flowing 

downstream within the more permeable valley fill alluvium material just below the ground surface. 

Below the unweathered bedrock is the regional Laramie-Fox Hills aquifer, approximately 200 to 
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300 meters below the Site. A U.S. Geological Survey study indicates this aquifer will not be 

impacted by Site activities because of the intervening unweathered bedrock layer, specifically the 

Laramie Formation, that has claystones with low hydraulic conductivities (Hun, 1976). 

TA-5.3.2 Description of Methodology to Calculate Shallow Groundwater Actinide 

Transport 

Calculating actinide quantities transported off-Site each year in shallow groundwater requires 

quantifying: 1) the volume or flux, of shallow groundwater flowing off-Site; and 2) concentrations 

of different actinides in the shallow groundwater. The following sub-sections discuss the methods 

used to develop estimates for these variables. 

Estimation of Shallow Groundwater Flux 

The volume of shallow groundwater flowing off-Site or shallow groundwater flux, is calculated 

using the SWWB model that uses the “Mike SHE” code. This integrated hydrologic model 

simulates all of the significant hydrologic flow processes including overland flow, channel flow 

and sub-surface flow in the saturated and unsaturated zones. Lateral shallow groundwater flow off 

the Site is computed for saturated flow within the unconsolidated alluvial and weathered bedrock 

material. For actinide transport analysis, off-Site shallow groundwater flux volumes were 

estimated for Water Year 2000 (from October 1999 through September 2000) for the Walnut 

Creek and Woman Creek groundwater basins, those most likely impacted by RFETS activities. 

Model results for estimated shallow groundwater flux, comprising the flow through the alluvial 

materials and unweathered bedrock, are shown in Table TA-5-21. 

Table TA-5-27. Model-Estimated Shallow Groundwater Off-Site Flux for the 
Walnut Creek and Woman Creek Groundwater Basins 

Model Estimated 
Groundwater Offsite Flux 

5.47 x l o6  1 2.26 x lo6  I 7.73 x los I 
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U235 
U238 

Shallow Groundwater Actinide Activity 

0.101 0.123 0.703 0.393 
1.589 0.480 2.037 0.824 

Shallow groundwater actinide measurements, collected from alluvial wells located near where 

Walnut and Woman Creeks intersect the eastern Site boundary, were used to determine the 

concentration of actinides in shallow groundwater flowing off the Site. The estimated annual 

shallow groundwater flux volumes for the Walnut and Woman Creek basins were multiplied by 

the average shallow groundwater actinide concentrations within each basin to estimate the actinide 

loads transported off-Site. 

Table TA-5-22 provides the mean and the mean lo error for two wells from the Walnut Creek 

groundwater basin and two wells from the Woman Creek groundwater basin. 

TA-5.3.3 Estimated Actinide Transport OffSite 

Shallow groundwater actinide loads transported off-Site in the Walnut and Woman Creek 

groundwater basins are summarized in Figure TA-5-19. 

April 2002 
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TA-5.3.4 Summary of the Shallow Groundwater Pathway Analysis 

Pu and Am in shallow groundwater. Determination of Pu and Am levels in shallow 

groundwater at the Site is complicated by residual surface soil contamination potentially 

introduced down boreholes during drilling and well installation operations. Shallow groundwater 

samples collected using traditional bailing techniques may suspend these contaminated drilling- 

artifact soil materials, thereby producing shallow groundwater samples with artificially high Pu or 

Am concentrations. Because of potential well construction and sampling biases, new clean or 

“aseptic wells” were drilled and efforts to improve sampling protocols undertaken. This work is 

currently ongoing. Therefore, Pu and Am concentrations in alluvial wells used in this analysis 

may represent a “worst case” scenario. Mean Pu activities in alluvial wells at the Site boundary 

were 0.035 pCi/L (+/- 0.018 pCi/L) in the Walnut Creek groundwater basin and 0.003 pCi/L (+/- 

0.004 pCiL) in the Woman Creek groundwater basin. 

U in shallow groundwater. U-233/234 and U-238 isotopes are the dominant actinides found in 

shallow groundwater in terms of total activity because of their natural abundance in shallow 

groundwater, particularly in the Rocky Flats region. Though U activity in shallow groundwater at 

RFETS is within the range of natural levels, shallow groundwater flowing from RFETS can have 

contributions from anthropogenic (man-made) U sources. Special high resolution analytical 

techniques, such as ICPMS, must be utilized to study isotopic ratios in the shallow groundwater 

and determine whether any of the U in the shallow groundwater has origins from anthropogenic 

sources. For natural U, the ratio of U-235/U-238, by mass, is approximately 0.0072. A ratio less 

than 0.0072 indicates the presence of anthropogenic U-238 or “depleted” U, whereas a ratio 

greater than 0.0072 indicates the presence of anthropogenic U-235 or “enriched” U. Additionally, 

ICPMS analysis can detect the presence of U-236, a fission product that is not found in natural U. 

Samples collected at Site wells from July 1999 to August 2000 were analyzed using ICPMS. Most 

samples analyzed indicate U from natural sources. This is the case for samples collected in the 

Woman Creek groundwater basin at the Site boundary (RMRS, 2000). However, Walnut Creek 

basin groundwater samples collected near the Site boundary, though having total U concentrations 

within the natural range, had a U-235/U-238 mass ratio of 0.006408. This indicates that an 
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anthropogenic “depleted U” source is contributing to the U load in the Walnut Creek groundwater 

basin. In addition, the same Walnut Creek boundary location had detectable levels of U-236, an 

isotope that comes only from an anthropogenic U source. 

TA-5.4 AIR PATHWAY ANALYSIS 

During fiscal years 1999 and 2000 (FY99 and FYOO), a Site-specific emission estimating method 

was developed that allowed calculation of actinide emissions due to resuspension of contaminated 

soil particles by wind. The estimating method was based on wind speed, size of the contaminated 

areas and surface soil concentrations of actinides within each contaminated area. A Site-specific 

implementation of the EPA’s Industrial Source Complex Short-Term dispersion and deposition 

model (ISCST3; EPA 1995b) was developed, which incorporated one year of on-Site 

meteorological. data. The emission estimating technique and model were extensively revised in 

FYO1, based on wind tunnel investigations on the Site in FYOO (MRI, 2001). 

For this report, the emission estimating and modeling techniques developed through previous work 

were used to calculate the difference between actinide resuspension from the Site and deposition of 

actinides back onto the Site. These differences were used as estimates of the annual off-Site . 

transport of actinides through the air pathway based on modeling. As discussed in Section TA-4.6, 

although wind erosion does not account for all the airborne emissions of actinides from the Site, it 

does account for the majority of emissions in recent years. 

TA-5.4.1 Emission Estimation 

A significant amount of research in particle and actinide resuspension has occurred over the years 

(Radian, 1999). This research emphasizes the need to customize any approach to the particular 

location of interest. Unique meteorological, soil and surface characteristics must be taken into 

account to produce a reliable emission estimating approach for a given area. 
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, 

a 
Past wind tunnel experiments on Site relate wind erosion of particulate matter to ambient wind 

speed. In FY99, a method was developed to estimate emissions of actinides from vegetated 

surfaces as a function of wind speed based on wind tunnel data taken in OU3 (located just east of 

Indiana Street) in June 1993 (EG&G, 1994). 

Wind tunnel tests conducted at the Site in April, May and June 2000 primarily focused on 

emissions from burned areas of grassland. However, for comparison, wind erosion emissions were 

also measured from adjacent, unburned areas in April and June. The unburned area data were used 

to revise the emission estimating technique developed in FY99. 

A power function was fitted to the combined April and June unburned area wind tunnel data (R2 = 

0.88). The resulting erosion potential equation, as a function of 10-meter wind speed, is: 

EP =3.933 x 10“ (u~’~’~) 

where: 

EP is the TSP erosion potential per 15-minute period in grams per square meter (g/m2); and 

u is the 15-minute average, 10-m wind speed ( d s ) .  

Estimates of particle resuspension provided the basis for predicting airborne radioactivity 

concentrations and activity deposition on ground or water surfaces. Soil isopleth maps showing 

the distribution of actinide activity in surface soils have been developed previously from soil 

sampling conducted on Site. These maps provided the spatial “source strength” that form the basis 

for the emission estimates. Figure TA-5-20 and Figure TA-5-21 show the simplified versions of 

these distributions that were used to estimate Pu-239/240 and Am-241 emissions. The particulate 

(wind erosion) emissions calculated using the above equation were combined with the data shown 

in Figure TA-5-20 through Figure TA-5-24 to yield actinide emission rates for input to a 

dispersion and deposition model. (Because little ambient airborne U is derived from Site 

contamination, only Pu and Am were modeled for this exercise.) 

5-44 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-105-01 

ADplication of the Wind Erosion Emission Eauation a 
The emission estimating technique described above has been used to evaluate the movement of 

airborne particulate matter and associated actinides in the Site environment (URS, 2001). The 

process used to calculate and model wind erosion emissions at the Site is described below. 

Meteorological data collected at the Site in 1996 were processed into 15-minute averages (1996 

data have been used previously for dispersion modeling baseline studies). The emission equation 

described above was applied to each 15-minute average, 10-m wind speed, assuming the erosion 

potential for a given wind speed will be exhausted within a 15-minute time step. A sequential file 

of potential emissions of particulate matter from undisturbed areas of the Site (g/m2/15-minutes) 

was generated for the year. Wind tunnel data showed the potential emissions to be exhausted 

within two to four minutes typically, depending on windspeed. 

However, wind erosion emissions are not a function of wind speed alone. Emissions are also 

dependent on mechanisms such as periodic disturbances that act to renew the erosion potential of 

the surface. If erosion potential is not renewed following an erosive event, additional emissions 

will not occur. Consequently, actual wind erosion emissions will be a function of potential 

emissions, coupled with the amount of erodible particulate matter present on Site surfaces during 

any given time period. If potential emissions exceed the amount of erodible material, actual 

emissions will be limited to the mass of particles that constitute the erodible material “reservoir”. 

a 

How frequently and to what extent is Site erosion potential renewed by disturbances? In most of 

the Site Buffer Zone, large-scale disturbances (i.e., excavations, traffic) are rare and isolated. 

Small-scale disturbances, in contrast, occur frequently due to freezekhaw action, burrowing 

animals, movement of large animals such as deer over the surface, splashing caused by raindrops, 

disturbance of surface crusts by vegetation growth and turbulence caused by dust devils and 

thunderstorm convective activity. These frequent small disturbances renew erosion potential to 

some extent, but no measurements of this phenomenon are available for the Site. 
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a Erosion potential is also renewed by deposition of airborne particulate matter. Particulate matter in 

the air over the Site is constantly being deposited on Site soil and vegetation. surfaces. Deposition 

rates vary with wind speed and other conditions. As with small-scale generation of erosion 

potential, the dynamic nature of deposition has not been measured at the Site. 

In the absence of specific data regarding the rate and dynamics of deposition and erosion potential 

generation by small-scale disturbances, the emission estimating procedure assumed that both 

phenomena occur at a relatively constant rate over’the year. This allowed the amount of erodible 

material to be tracked over time as the erodible material reservoir was renewed by deposition and 

small-scale disturbances and depleted by resuspension. For each 15-minute period of the year- 

long data set, the mass of particles in the erodible material reservoir was compared with the 

potential particulate matter emissions defined by the emission equation derived from the wind 

tunnel studies. Actual particulate matter emissions were calculated as the lesser of the potential 

emissions or the amount of material available for resuspension at the appropriate wind speed. 

“Leftover”, non-resuspended material was carried forward to the next 15-minute period, so that 

during periods of low wind speeds, the “available material” reservoir was built up and during 

windy periods it was depleted. A computer code was written to track these dynamics. 

Effects of Precipitation and Snow Cover 

It was assumed that no wind erosion emissions would occur while there was snow cover. The 

presence or absence of snow cover was determined from solar reflectance (albedo) data; the 

information was applied in the emission-tracking program so that no emissions were calculated for 

periods when snow cover was present. Deposition and small-scale erosion potential generation 

were assumed to continue during snow cover periods. 

The effect of precipitation was also considered. Tests performed on soil samples from the wind 

tunnel test areas showed that moisture is very effective in limiting erosion potential. 

Consequently, no wind erosion emissions were expected to occur from soil surfaces during 

precipitation events and for a short period thereafter as the soil was drying. The extent of the 

period following a precipitation event during which wind erosion emissions were eliminated was 
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based on the amount of precipitation and on soil temperature, both of which were obtained from 

Site 1996 meteorological data records (higher soil temperatures were assumed to speed the 

restitution of erosion potential by increasing moisture evaporation rate). This information was 

used by the tracking program to determine whether emissions would occur for a given 15-minute 

period. As with snow cover, deposition and small-scale generation of erosion potential were 

assumed to continue during periods of no emissions due to precipitation effects. 

Renewal of Erosion Potential 

The renewal of erosion potential through deposition of particulate matter was estimated using 

monitoring data. TSP concentrations are monitored at various locations around the Site perimeter. 

Monthly average TSP concentrations from four of the locations were averaged for each month in 

1996. Particulate matter deposition was calculated by multiplying the average monthly 

concentration of TSP by a deposition velocity to yield deposition estimates (in g/m2/15-minute 

period) for each month. Deposition velocities were calculated using an algorithm contained in the 

User’s Guide for the Industrial Source Complex Dispersion Models @PA, 1995) and 1996 

meteorological data for the Site. 

The rate of ongoing erosion potential renewal through small-scale disturbances was estimated 

indirectly. In 2001, a calculation was performed to determine the net loss of Pu-2391240 and Am- 

241 from the Site each year through the air pathway, based on previous simulation modeling. By 

excluding regional background concentrations, these net loss calculations should represent the off- 

Site movement of Site-generated actinide emissions through the air pathway. 

The net loss estimates were used as an initial estimate of the rate at which erosion potential is 

renewed by small-scale disturbances. An assumption was made that an ongoing actinide loss from 

the Site through the air pathway can only be sustained by the corresponding generation of new, 

erodible actinide-containing material in at least equal amounts. The total annual net loss of Pu- 
239/240 and Am-241 from the Site was partitioned among various actinide-contaminated soil areas 

based on their size and soil activity levels. A loss rate was calculated for each contaminated soil 

area. The estimated actinide loss rate was used to calculate a rate of generation of particulate 
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matter erosion potential by factoring out the soil activity concentration levels. These values were 

converted to particulate matter generation per 15-minute time step, assuming that erosion potential 

renewal is constant throughout the year. (The erosion potential renewal rate initially estimated was 

later adjusted downward by 40 % to calibrate model results to measured actinide data.) 

Calculation of Actinide Emissions 

To model actinide emissions, estimated particulate matter emissions for each 15-minute period 

were combined with information regarding the activity concentration of the available particulate 

matter to yield estimated actinide emissions (in pCi/m2/15-minute period). This required tracking 

additional information for each contaminated soil source area. 

While particulate matter emissions were assumed uniform across undisturbed areas of the Site, 

actinide emissions vary by source area. The renewal of erosion potential by small-scale 

disturbances will generate erodible material that will reflect the actinide concentration levels in the 

underlying surface soil. The renewal of erodible material by deposition, in contrast, will generate 

erodible material that will reflect the actinide concentration levels in the air over the Site. 

To calculate the rate of activity deposition, average airborne h-239/240 and Am-241 

concentrations were estimated over each of the contaminated soil source areas. Data from the 

RAAMP samplers were used to produce annual average air concentration isopleths over the Site 

for Pu-239/240 and Am-241. The air concentration patterns were mapped to the contaminated soil 

source areas. As with particulate matter, deposition of actinides was estimated by multiplying an 

average air concentration by a deposition velocity to calculate deposition of Pu-239/240 and Am- 

241 (in pCi/m2/15-minute period). Deposition velocities were calculated as for particulate matter 

using 1996 meteorological data for the Site and Site-specific information on actinide distribution in 

various size fractions of airborne dust. Rates of erosion potential renewal'by actinide deposition 

I 

were tracked separately for each contaminated soil source area. 
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The ongoing generation of actinide erosion potential through small-scale disturbances was 
e 

described previously. As with deposition, the period-by-period renewal of erosion potential 

through this mechanism was tracked separately for each contaminated soil source area. 

For each 15-minute period, the increase in available erodible activity was calculated due to 

deposition and small-scale disturbances for each actinide and source area and added to the erodible 

activity remaining from the previous time step. The activity concentration of the available erodible 

material was calculated by dividing the total pCi/m2 for each actinide and source area by the total 

available particulate matter (in g/m2) for each time step. The resulting pCi/g value determined for 

each actinide and source area was then multiplied by the calculated particulate matter emissions 

for each time step to determine actinide emissions. A computer code was written to track these 

dynamics and to produce a variable emission rate file for each contaminated soil source area for 

input to ISCST3. 

TA-5.4.2 Modeling Methods 

A dispersion and deposition model (ISCST3) was used to simulate the transport of pollutants from 

the locations of emission to other locations of interest (termed receptors). The model requires the 

input of detailed source characteristic information, meteorological data and desired locations of 

model predictions (i.e., receptors). The essential inputs used are described below. 

a 

An ISCST3 meteorological input file was created using the EPA Meteorological Processor for 

Regulatory Models (MPRM). Surface meteorological parameters that were measured at the Site in 

1996 were combined with concurrent upper-air and cloud cover data from the National Weather 

Service ( N W S )  station in Denver. The output from MPRM was an hourly meteorological input 

file. The 1996 meteorological data file was described more fully in the FY99 air pathway report 

(Radian, 1999). 

Surface soil activity isopleths were used to generate actinide emission rates for each source area as 

previously described. Figure TA-5-19 and Figure TA-5-20 show the digitized contours that 
I 

defined source areas within the model. Actinide emissions varied for each source area and time 
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. 
Particle Lower-Upper Mean Diameter Particle Pu Activity j 

Size Bound for for Particle Size Density Fractionb 

step. The actinide sources were modeled as area sources, with release heights at the ground 

surface. 

1 
2 
3 

To account for dry deposition, particle size categories must be defined for each source. Associated 

with each particle size category is a mass (or actinide activity) fraction, a particle density and a 

particle diameter. Deposition is calculated as the product of a near ground-level concentration and 

a deposition velocity that is estimated by the model. 

bm) i 
1-3 2.15 2.65 0.04 

3-1 5 10.15 2.65 0.19 
15-30 23.23 1.8 0.77 

Particle size category bounds were chosen based on available Site-specific joint particle 

size/actinide activity data (Langer, 1986) and are shown in Table TA-5-23. To model the 

deposition of resuspended actinides, the activity fractions shown in Table TA-5-23 were input for 

the mass fractions of both Pu-239/240 and Am-241. 

Particle Size Category 
Category 

Modeling receptors included a Cartesian receptor grid with 200-m receptor spacing that 

encompassed the Site and extended approximately 400 meters to 500 meters beyond the Site 

boundary in selected directions. 

To verify model performance, wind erosion emissions of h-239/240 and Am-241 from 

undisturbed areas of the Site were modeled with ISCST3 and compared to measured ambient air 

concentrations at various locations around the Site. The annual average concentrations of Pu- 
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239/240 and Am-241 predicted by the model, when added to regional background concentrations, 

provided a good fit to measured data at all sampler locations. 

TA-5.4.3 Calculation of OffSite Transport 

To estimate the net annual loss of actinides, wind erosion of actinides from pre-closure, . 

contaminated soil areas and their deposition back onto the Site were calculated. Actinide 

resuspension was calculated from the 15-minute wind erosion estimates described previously. For 

a given isopleth area, the estimated activity flux for each time step was multiplied by the area 

associated with the isopleth level (consistent with source areas used in dispersion modeling) and 

then summed over all time steps in the year to produce the total amount of Pu-239/240 or Am-241 

resuspended in pCi/yr. 

Actinide deposition was estimated using the ISCST3 model. The same spatial areas used in the 

wind erosion calculations were modeled as emission sources for each actinide. The ISCST3 model 

was executed to predict annual deposition in units of pCi/m2/yr for each receptor. This rate was 

converted to a total activity by multiplying by the area associated with each receptor. The annual 

net loss for each actinide was then determined as the difference between total activity resuspended 

and total activity redeposited on Site. 

TA-5.4.4 Air Pathway Analysis - Modeled Data 

Table TA-5-24 shows the results of the off-Site transport calculations using modeled data. While 

the off-Site transport values shown in Table TA-5-24 are not specific as to direction, it can be 

assumed that most off-Site transport of actinides through the air pathway occurs from the eastern 

boundary of the Site based on the patterns of concentration and deposition seen in the base 

modeling. 
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Actinide 

Table TA-5-24. Results of Air Pathway Analysis lSCST3 Modeling 

Annual Transport Off-Site 

Through the Air Pathwaf 

(C i) 

I Pu-2391240 I 7.9E-5 I 
I Am-241 I 1.2E-5 I 

' Represents off-Site transport of Site-derived actinides only (i.e., excluding background concentrations). 

TA-5.5 BIOLOGICAL PATHWAY ANALYSIS 

TA-5.5.1 Introduction 

Estimating off-Site.transpod of actinides by mule deer provides a framework for quantifying the 

overall macro-biological transport pathway. The following section describes two different 

methods used to develop estimates of off-Site actinide transport by mule deer. 

TA-5.5.2 Calculation Methodology 

Method 1 

The first estimation method is based on the Whicker (1979) calculation of the Pu quantity moved 

by deer on the Site. Whicker, et al. (1990) documented the fact that adult does migrate on- and off- 

Site, but they did not appear to leave permanently. Whicker (1979) calculated that deer move less 

than 10'' of the Site Pu inventory in the soil annually. Using the average mule deer population, 

140, in conjunction with telemetry data that indicate approximately 5 9% of the deer leave the Site 

annually (Symonds and Alldredge, 1992), an estimate was developed for the number of individual 

deer that leave the Site each year. On-Site soil is deposited off-Site during the time it takes a deer 

to cycle forage through its system. It is estimated to take approximately 48 hours for a deer to 

completely cycle forage it consumes before its bowel is empty (Alldredge and Reeder, 1972). 

Multiplying all of these factors yields the total fraction of on-Site Pu that is deposited off-Site. 
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The estimated off-Site transport is 2.8 x lo-’’ of the on-Site Pu inventory that is potentially 
a 

distributed off-Site by deer annually. Krey (1976) estimated the on-Site soil inventory of Pu is 

approximately 8 Ci and Little (1980) estimated that greater than 99 % of the total Site Pu inventory 

is contained in the soil. Using these data, an amount of Pu deposited off-Site annually was 

calculated. Average soil activities were calculated for each actinide, based on an area-weighting 

calculation using the kriged surface soil activities presented in Section TA-2. The mean soil 

activities were used to estimate the amount of soil transported off-Site by mule deer, which were 

used to estimate the amounts of the other actinides off-Site. Results for this method are presented 

in Table TA-5-25 and Figure TA-5-25. 

Method 2 

The second method used to estimate off-Site actinide transport is based on the amount of soil 

consumed by deer. This method used the number of deer at RFETS, the number of deer that leave 

the Site, the amount of soil consumed daily (Arthur et al., 1982) and the time needed for deer to 

cycle the forage through their digestive system (Alldredge et al., 1972). The quantity, by mass, of 

on-Site soil deposited off-Site annually was calculated. Average soil activities were calculated for 

each actinide, based on an area-weighting calculation using the kriged surface soil activities 

presented in Section TA-2. The average soil activities for each actinide were multiplied by the 

calculated quantity of soil consumed on-Site and deposited off-Site. The calculated daily soil 

consumption mass resulted in a standard deviation (a) +/- 12 g/d. Results are presented in Table 

TA-5-25 and Figure TA-5-26. 

a 

TA-5.5.3 Estimated Actinide Transport OffSite 

Table TA-5-25 summarizes the estimated biological actinide transport off-Site using Methods 1 

and 2. 
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P~-239/240 
Am-241 
U-2331234 
U-235 
U-238 

Table TA-5-25. Biological Off-Site Actinide Transport 

1. Actinide I . Method7 I Method2 1 

2 x 10-'O 
5 x 10-l1 

6 x 10"' 
1 x 10-'O 

i x 10-9 
3 x 10"O 

4 x l o l l  
7 x 10"O 

9 x lo+ 6 x 

' .  * 

TA-5.5.4 Summary of Biological Pathway Analysis-Modeled Data 

Method 1 uses calculations based on mule deer studies conducted by Whicker (1979). In light of 

studies on rainsplash redistribution of soil particles on plants (Dreicer et al., 1984), it is possible 

that the Whicker (1979) estimate of transport is overly conservative (i.e., overestimates actinide 

transport). Although the 1979 paper does not provide detail on the estimation assumptions, if it 

was based on total Pu load on vegetation clipped to ground level, the estimate would have 

accounted for plant parts that deer were less likely to consume. Studies of deer food habits 

(Wallmo, 1981) indicate that deer select food items on the basis of best available nutrition, which 

normally are the vigorously growing new shoots and flower heads. These plant parts would be 

younger (i.e., early spring growth has less time to accumulate soil from rainsplash before it is 

consumed) and for part of the season would be farther from the soil surface (Le., new growth is 

typically at the tips and farther from the soil surface, permitting less accumulation of particulates 

from rainsplash mechanisms). Older growth and plant parts closer to the soil surface have greater 

opportunity to accumulate soil from wind and rainsplash deposition. Since rainsplash studies 

indicate the greatest accumulation of soil on vegetation less than 20 cm from the soil surface 

(Dreicer et al. 1984), new growth on taller plants would have less contamination. Therefore, deer 

would be expected to selectively consume less than the total available contaminant load on 

vegetation. Intentional, direct soil consumption by mule deer has been documented, however, so 

soil content in fecal pellets can sometimes be relatively high (Arthur, 1977). 
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Figure TA-5- 1. Lower Walnut Creek, Pu Loading Profile - Measured and Modeled 
Data Combined 
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Figure TA-5-2. Lower Walnut Creek, Pu Mass Balance Uncertainty Analysis 
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Figure TA-5-4. Lower Walnut Creek, U-238 Loading Profile - Measured and 
Modeled Data Combined 
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Figure TA-5-5. Lower Walnut Creek, U-238 Mass Balance Uncertainty 
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I 

Figure TA-5-7. A- and B-Series Ponds, Pu Loading Profile Measured and Modeled 
Data Combined 
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Figure TA-5-8. A- and 9-Series Ponds, Pu Mass Balance Uncertainty 
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Figure TA-5-70. A- and B-Series Ponds, U-238 Loading Profile Measured and 
Modeled Data Combined 

Measured + Modeled Data - By Year, Water Years 1997 - 1999 ‘1997 
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Figure TA-5-76. SID, U-238 Loading Profile Measured and Modeled Data Combined 
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Figure TA-5-77. SlD, U-238 Mass Balance Uncertainty 
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Figure TA-5-19. Shallow Groundwater Off-Site Actinide Load 
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Figure TA-5-20. Pu-239 Surface Soil Isopleths for Air Model 

Activity Level for 
Pu-239 (PCilg) 

Surface Soil Contamination 

Isopleths Pu-239 

5- 72 



Actinide Migration Evaluation Pathway Analysis Report Technical Appendix 

Classification Exemption CEX-I 05-01 

Figure TA-5-27. Am-247 Surface Soil Isopleths for Air Model 
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Figure TA-5-22. U-233/234 Surface Soil Isopleths for Air Model 
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Figure TA-5-23. U-235 Surface Soil Isopleths for Air Model 
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Figure TA-5-24. U-238 Surface Soil Isopleths for Air Model 
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Figure TA-5-25. Biological Model Method 1 Results 
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Figure TA-5-26. Biological Model Method 2 Results 
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TA-6 ACTINIDE TRANSPORT PATHWAYS ANALYSIS - 
BASED ON MODELED DATA FOR EXTREME CONDITIONS 

TA-6.1 INTRODUCTION 

Extreme events were modeled for the surface water, groundwater and air transport pathways for 

comparison with "normal" meteorological conditions, discussed in Section TA-1, that were used 

as a basis for analysis in Sections TA-4 and TA-5. Models used to generate the estimated 

extreme event actinide loads are the same as those identified and discussed in Section TA-5. 

Extreme event model results are compared with pathways described in the conceptual model to 

assess whether extreme conditions modify the relative importance of different migration 

pathways when compared with non-extreme condtions. 

TA-6.2 SURFACE WATER PATHWAY - EXTREME CONDITIONS ANALYSIS 

TA6.2.1 Extreme Conditions Modeled 

Evaluation of runoff and erosion for six design storms of varying intensity, duration and return 

interval was performed and presented in the Soil Erosion and Sediment Transport Modeling of 

Hydrologic Scenarios for the Actinide Migration Evaluations at the Rocky pats Environmental 

TechnoEogy Site (Kaiser-Hill, 2002). Modeling results from the following two design storms are 

presented in this report to provide perspective on surface water transport of Pu related to storm 

events: 

0 A 62.3-mm, 10-year, 6-hour event; and 

0 A 97.1-mm, 100-year, 6-hour event. 

Pu loads transported by these storms in Walnut Creek and the SID were estimated using the 

WEPP hillslope erosion model coupled with the HEC-6T sediment transport model and 

integrated with Pu soil data. A thorough discussion of how the WEPP and HEC-6T models are 

integrated for predicting Pu transport in surface water is presented in the Report on Erosion and 
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Sullface Water Sediment Transport Modeling for the Rocky Flats Environmental Technology Site 

(Kaiser-Hill, 2000). 

The design-storm precipitation distributions were obtained from the RFETS Plant Drainage and 

Flood Control Master Plan (EG&G, 1992). The rainfall distributions are derived from the 

Colorado Urban Hydrograph Procedure (EG&G, 1992). The design storms were selected to 

represent specific return periods to assign a probability of occurrence to the erosion and sediment 

yields associated with each storm. The reciprocal of the return interval is the probability that the 

event will occur in any year (e.g., the annual probability of the 100-year event is 1 %). 

Model results for storm events account for erosion and sediment transport of Pu in the 

stormwater runoff. The models are based on “worst-case” scenarios in terms of the ponds being 

full at the onset of the storm events, thereby minimizing the effective capacity of the ponds to 

settle actinide-bearing particles. The extreme event models simulate Pu transport only. Other 

transport mechanisms, such as groundwater transport and airborne deposition, were not 

considered in these surface water pathway mass balance analyses. The time duration required 

for those other mechanisms to have an impact on a watershed is much longer than the short 

duration of the extreme precipitation storm events. 
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TA-6.2.2 Lower Walnut Creek Extreme Event Analyses 

IO-Year, 6-Hour Storm 

Results from the Pu mass balance analysis for lower Walnut Creek, using modeled data for the 

10-year, 6-hour storm (62.3 mm), are presented in Table TA-6-1. Net gain or loss with the 

outflow load compared to inflow load is presented at the bottom of the table. 

Table TA-6-7. Lower Walnut Creek - Pu Mass Balance Results - 
7&Year, 6-Hour Storm 

Pu-239/240 Inputs Pu-2391240 outputs 
Modeled Inputs Modeled Outputs 

output Descrlptlon Load (pCi) 
IWalnut Ck I 9.OE+07 

Total Modeled Outputs 9.0E+07 

Gain (+) or Loss (-) of Pu in Study Area 
I 

]Modeled Data (Out - In) I 6.5E+07 I 264% lover 250% gain in Pu load in reach I 
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Change 
Variables Delta (PCU from Inpa 

Modeled Data (Out - In) l.lE+08 216% 

100-Year, 6-Hour Storm 

Remarks 

Approx. 200% gain in Pu load in reach 

Results from the Pu mass balance analysis for lower Walnut Creek, using modeled data for the 

100-year, 6-hour storm (97.1 mm), are presented in Table TA-6-2. Net gain or loss with the 

outflow load compared to inflow load is presented at the bottom of the table. 

Table TA-6-2. Lower Walnut Creek - Pu Mass Balance Results - 
100- Year, 6-Hour Storm 

Pu-2391240 Inputs Pu-2391240 Outputs 
Modeled Inputs Modeled Outputs 

output Description Load (pCl) 

Total Modeled Outputs 1.6E+08 
lwalnut ck I 1.6€+08 

Total Modeled Inputs 

Analvsis of Lower Walnut Creek Extreme Event Modelina Results 

Analysis of extreme event loads were compared with average annual loads for water years 1997 

through 1999 in the lower Walnut Creek reach (Figure TA-6-1). Results presented in Figure TA- 

6-1 show that the model for the 10-year event, with the ponds in a full or “worst-case” condition 

at the onset of the storm, predicts approximately 6 times the Pu load off-Site past station GS03 
compared with the average annual load based on 1997 - 1999 data. The 100-year event, also 

with the ponds full before the storm, is predicted to move approximately 11 times more Pu off- 

Site than the average annual load. If additional pond storage capacity is available before the 

onset of a storm, additional removal of Pu by the ponds will occur through the settling process 

and will therefore reduce the load entering the lower Walnut Creek study area. 
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TA-6.2.3 A- and B- Series Ponds Extreme Event Analyses 

Results from the Pu mass balance analysis for the A- and B-Series Ponds, using modeled data for 

the 10-year, 6-hour storm, are presented in Table TA-6-3. Net gain or loss with the outflow load 

compared to inflow load is presented at the bottom of the table. 

10-Year, 6-Hour Storm 

Pu-2391240 Inputs 
Modeled Inputs 
Input Description Load (pC1) 
SW083 IN. Walnut in I 2.7E+06 
GSlO IS. Walnut In I 2.9E+06 i + 

Pu-239/240 Outputs 

Table TA-6-3. A- and B-Series Ponds - Pu Mass Balance Results - 
10- Year, 6-Hour Storm . 

+ + 

~~ 

Modeled Outputs 
input Description Load (pC1) 
)GSl l  IN. Walnut Out 1 7.4E+06( 

Gain (+) or Loss (-) of Pu in Study Area 
h n 

I I I 1.8E47 I 323% lover 300% gain in load 
I I I 
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SW093 N. Walnut In 
GSlO S. Walnut In 
SW091 Tnbutary 

100-Year. 6-Hour Storm 

Results from the Pu mass balance analysis for the A- and B-Series Ponds, using modeled data for 

the 100-year, 6-hour storm, are presented in Table TA-6-4. Net gain or loss with the outflow 

load compared to inflow load is presented at the bottom of the table. 

8.2E+06 + 
4.5E+06 + 

Table TA-6-4. A- and B-Series Ponds - Pu Mass Balance Results - 
100-Year, &Hour Storm 

Modeled Data (Out - In) 

Pu-2391240 Outputs 

Change from Input Remarks 
Delta (PCI) Lnrrd 

Modeled Outputs 
Input Description Load (pC1) 

+ GSl l  N. Walnut Out 1.3E+07 

Total Modeled Ou uts 4.7E+07 

Gain (+) or Loss (-) of Pu in Study Area 
i 

I 
,---- 

I 3.4E+07 I 269% lover 250% gain in load 1 

Analvsis of A- and B-Series Ponds EAtreme Event Modelina Results 

Analyses of extreme event loads were compared with average annual loads for water years 1997 

through 1999 for the A- and B-series ponds (Figure TA-6-2). Results presented in Figure TA- 

6-2 show that the model for the 10-year event, with the ponds full prior to the storm, predicts 

more than 2 times the Pu load transport past the ponds than the average annual load based on 

1997 - 1999 data. The 100-year event, also with the ponds full before the storm, is predicted to 

move approximately 5 times more Pu past the ponds than the average annual load. Again, an 

important implication of the model results is that if the ponds are full at the onset of a storm, 

there is diminished time for settling and removal of Pu as typically occurs during normal 

precipitation conditions. Additional storage capacity in the ponds allows for increased detention 

time and more effective settling of Pu. 
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TA-6.2.4 SID Extreme Event Analyses 

IO-Year. 6-Hour Storm 

Results from the Pu mass balance analysis for the SID, using modeled data for the 10-year, 6- 

hour storm, are presented in Table TA-6-5. Net gain or loss with the outflow load compared to 

inflow load is presented at the bottom of the table. 

/ 

Table TA-6-5. SID - Pu Mass Balance Results - 
7O-Year, 6-Hour Storm 

Pu-239/240 InDuts 
Modeled Inouts 

Subtotal 2.8E+08 

-b 
-b 
-b 
-b 
-b 

~~~ ~~~ 

Modeled Outputs 
output Description Load (pCi) 
SW027 lSlD Out I 3.3E+061 

Subtotal 3.3E+06 

I ~ o t a ~  Inputs 2.8~+081 I Total Outputs 3.3E+061 

Gain l+\ or Loss l-1 of Pu in Studv Area 
~ ~ ~ 

Remarks Change from VarWleS 

Modeled Data (Out - In) I -2.8€+08 I -99% ILarge load accumulation in channel 
I Delta (*I) Ilnput Load 
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100-Year. 6-Hour Storm 

Results from the Pu mass balance analysis for the SID, using modeled data for the 10-year, 6- 

hour stom, are presented in Table TA-6-6. Net gain or loss with the outflow load compared to 

inflow load is presented at the bottom of the table. 

Table TA-6-6. SID - Pu Mass Balance Results - 100- Year, 6-Hour Storm 

Pu-2391240 Inputs 
Modeled Inputs 

I Input Description Load (pC1) 

5.1 E+08 
Subtotal !L4E+O8 

-D 
-b 
-+ 
-b South Interceptor Ditch 

study Area 

Pu-239I240 outputs 
Modeled Outputs 

output Description Load (pC1) 

-b Iswo27 ISID Out I 5.7€+00 
Subtotal 5.7EM8 

I Total Outputs 5.7E+08 I Total Inputs 5.4E+081 

Gain (+) or Loss (-) of Pu in Study Area 
RWlWkS 

change tmm I Delta (Pa) Il"Put Load Varlables 

ModeledData(Oul-In) I 3.9E+07 I 7% IApprox. 7% gain in Pu load 

Analvsis of SID Extreme Event Modelina Results 

Analyses of extreme event loads were compared with average annual loads for water years 1997 

through 1999 in the SID (Figure TA-6-3). Modeling results indicate that for both the 10-year 

and 100-year stom events, hillslope erosion is the main source of actinide loading to the SID 

channel. This is expected based on the elevated concentrations of Pu in the SID watershed 

surface soils. For the 10-year, 6-hour storm, it is notable that nearly all of the Pu delivered from 

the hillslopes is predicted to settle out in the SID channel prior to reaching station SW027 at the 

downstream end of the SID. In contrast, for the 100-year event, 6-hour storm, there is not 

preQcted accumulation of Pu in the channel. The Pu eroded from the hillslopes for the larger 

storm is all predicted to reach station SW027, plus additional Pu from sediment erosion. 
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surface water during extreme events is greater at the downstream end of the SID than at the 

downstream ends of lower Walnut Creek or the A- and B-Series ponds. The Pu load delivered to 

the end of the SID from a 10-year, 6-hour storm is approximately 2 times larger than the load 

delivered off-Site in Walnut Creek for the same storm. Similarly, the Pu load delivered to the 

end of the SID from a 100-year, 6-hour storm is approximately 4 times larger than the load 

delivered off-Site in lower Walnut Creek for the same storm. It is important to re-state that 

model predictions for Walnut Creek are based on “worst-case” scenarios where the detention 

ponds are full at the onset of the modeled storms and particle-settling processes in the ponds are 

therefore minimized. 

The eastern SID watershed soils are the most contaminated soils on-Site. Overland flow and 

erosion on undisturbed soils in the SID watershed occurs only during larger storm events. 

However, when a large event does generate runoff and erosion, a large inventory of Pu currently 

exists in the SID watershed surface soil that can be mobilized and transported into surface water. 

Therefore, it is not surprising that the model estimates indicate more Pu transport for extreme 

events in the SID than in Walnut Creek. It is important to recognize an important distinction 

between Pu transport in the SID versus lower Walnut Creek. In the current Site configuration, 

actinide loads in the SID are not routed off-Site but rather are directed into Pond C-2 and 

detained, thereby allowing time for particle settling before later being released off-Site in a 

controlled manner. Remediation of Pu contamination in 903 Pad area soils will reduce Pu loads 

@ 

in the SID watershed during normal precipitation conditions as well as during extreme events. 

I April 2002 6-9 



Actinide Migration Evaluation Path way Repon Technical Appendix 

Classification Exemption CEX-1 OS-01 

TA-6.2.5 Summary of the Surface Water Pathway Extreme Events Analyses 

Key findings from mass balances, calculated using model-predicted Pu transport in surface water 

resulting from hillslope erosion and sediment transport during extreme events, are summarized in 

this section. Model results support transport mechanisms identified in the conceptual model. 

The Pu load delivered off-Site from Walnut Creek in a 100-year storm is roughly one 

order of magnitude greater than the load delivered off-Site in an average year. The 

100-year event is estimated to move approximately 11 times the average annual Pu load 

measured flowing off-Site in Walnut Creek, past station GS03 at Indiana Street. For the 10- 

year event, model results indicate an off-Site Pu load that is approximately 3 times larger 

than the amount of Pu discharged off-Site during an average year. 

The Pu load estimated to be transported past the A- and B-Series ponds is larger for the 

10- and 100-year storm events than during an average year, based on a "worst-case" 

scenario where the ponds are full at the onset of the storm. Model results indicate the 10- 

year and 100-year events would transport approximately 2 and 5 times more h past the 

ponds, respectively, than in an average year. Less water held in the ponds prior to the storm 

will result in increased storage capacity and particle removal efficiency of the ponds during 

the storm. 

The Pu load delivered to the end of the SID during extreme events is larger relative to 

other watersheds. The Pu load delivered from the 100-year event to station SW027, at the 

downstream end of the SID, is approximately 4 times larger than the load delivered off-Site 

in Walnut Creek for the same storm. This is opposite to the trend observed for normal 

hydrologic conditions, where Walnut Creek yields roughly 4 times the average annual Pu 
load observed at the end of the SID. The eastern SID watershed soils have the highest levels 

of Pu contamination on Site, but model predictions indicate overland flow and erosion (and 

associated PU transport) is markedly increased on these well-vegetated soils only during 

extreme events. Remediation of 903 Pad area soils will reduce Pu loads in the SID 

watershed for all storms events that generate runoff and erosion. 
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TA-6.3 GROUNDWATER PATHWAY - EXTREME CONDITIONS ANALYSIS 

Using the MIKE SHE integrated flow system model discussed in Section TA-5, shallow 

groundwater flux off-Site was estimated for above-normal precipitation conditions using 

precipitation data for January through May of 1995. During this period, approximately 340 rnm 

(13.5 in) or roughly twice the average amount of precipitation was measured at the Site. Model 

results provide insight into the increase in shallow groundwater flows during wet conditions. 

Figure TA-6-4 and Figure TA-6-5 present model-estimated monthly off-Site shallow 

groundwater flux volumes for Walnut and Woman Creeks, respectively, for Water Year 2000 

(relatively normal precipitation conditions) with the first five months of Water Year 1995 (wet 

conditions). Model estimates of increased groundwater flux during wet precipitation conditions 

were most notable for May 1995, when 194 mm (7.65 in) of precipitation occurred or roughly 

three times the May norm. The estimated shallow groundwater off-Site flux in May 1995 

increased by approximately 100 % in the Walnut Creek drainage and approximately 50 % in the 

Woman Creek drainage compared with Water Year 2000. The Woman Creek groundwater basin 

model also includes shallow groundwater flux associated with the Mower Ditch region, similar 

to model results presented in Section TA-5. 

Modeling Water Year 1995 provides insight into the magnitude of increased shallow 

groundwater flux off-Site that can be expected during wet conditions. Changes in shallow 

groundwater actinide concentrations during wet conditions, including potentially reduced 

concentrations resulting from dilution effects, were not modeled. Assuming the concentration of 

actinides in shallow groundwater remained constant during wet conditions, the increase in off- 

Site groundwater flux would cause a corresponding relative increase in off-Site actinide 

transport. 
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TA-6.4 AIR PATHWAY - EXTREME CONDITIONS ANALYSIS 

During FYOO and FYO1, the model described in Section TA-5.4.2 was used to estimate actinide 

concentrations and deposition due to remediation, decommissioning and fire-related scenarios. 

The FYOlwork also estimated the airborne actinide concentrations and deposition that would 

result from normal resuspension processes following Site closure, assuming an absence of 

significant soil disturbance (consistent with wildlife refuge uses). The potential effect of 

periodic disturbances on resuspension following Site closure was reviewed in the FYOO work 

(Radian, 2000; U R S ,  2001) 

The FYOO and FYOl air pathway work was designed to investigate emission scenarios and 

events that may be of interest with regard to actinide migration during and after Site closure. 

The scenarios were not intended to provide definitive data regarding specific remediation or 

decommissioning projects because many pertinent details of those actions are still undergoing 

review and refinement. Instead, the modeling was intended to provide reasonable upper bounds 

for the expected impacts of closure activities and post-closure Site configurations. 

The conclusions reached from the FYOO and FYO 1 scenario modeling effort are summarized in 

below: 

TA8.4.1 Air Pathway Analysis - Extreme Events and Alternative Scenarios 

Modeling conducted in FYOO examined the effects that a variety of events and emission 

scenarios would have on airborne actinide concentrations. Because off-Site transport of 

actinides though the air pathway will be related to concentrations, the effect of such events on 

off-Site transport can be inferred, to some extent, from the modeling results. The revised 

emission methodology and modeling conducted in FYOl reexamined impacts from post-fire and 

post-closure scenarios. The scenarios modeled and conclusions drawn are summarized below: 

Post-closure wind erosion impacts. Wind erosion from undisturbed vegetated surfaces at 

the Site under current conditions results in small airborne actinide concentrations and modest 

amounts of deposition. Post-closure impacts and off-Site transport through the air pathway 
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may increase somewhat with removal of paved areas and buildings, which would expose 

larger areas to wind erosion. Comparison of maximum impacts for pre-closure wind erosion 

and post-closure wind erosion scenarios (assuming cleanup of Site soils to RFCA Tier I 

levels [DOE et al., 19961) predicted airborne concentrations of Pu-239/240 and Am-241 over 

the center of the Site that were approximately double those estimated for wind resuspension 

under current conditions (URS, 2001), while fenceline concentrations were predicted to 

increase by approximately 10 % or less. It should be noted that in all cases the resulting 

maximum concentrations were predicted to be well below EPA standard limitations. The 

increase in airborne concentrations following Site closure would be expected to result in a 

similar increase in off-Site transport; 

Periodic disturbances. Periodic disturbances of soil or vegetation would increase airborne 

concentrations in proportion to their frequency and the amount of surface area involved. Off- 

Site transport would also be expected to increase consequently; 

Remediation. Remediation would result in short-term increases in actinide concentrations in 

air and in off-Site transport. The scenario modeled in FYOO (Radian, 2000), which assumed 

cleanup of the 903 Pad area to RFCA Tier I levels using minimal emission controls, did not 

predict actinide concentrations that would exceed federal or Colorado standards. Maximum 

off-Site annual average concentrations of Pu-239/240 and Am-241 would increase during 

remediation but the increase would be less than a factor of two. Off-Site transport would be 

expected to increase by similar amounts. U impacts from remediation of the 903 Pad area 

would be considerably less than the contribution from naturally-occumng U due to wind 

blown dust. The inclusion of additional particulate matter controls could lower impacts 

further, while cleanup to more restrictive standards would increase impacts and off-Site 

transport. A high wind event occurring during remediation would increase emissions from 

disturbed ground areas and from storage piles. Excavation activities and traffic would cease, 

however, which would limit emission increases. Over a 24-hour wind event, off-Site 

concentrations of Pu-239/240 and Am-241 would be expected to increase by a factor of two 

or less, with off-Site transport showing similar increases. Consequently, high winds during a 

a 

April 2002 6-13 



Actinide Migration Evaluation Pathway Report Technical Appendix 

Classification Exemption CEX-105-01 

a 
remediation project would be expected to show effects on off-Site transport of actinides that 

are similar to those of other remediation activities that generate particulate matter emissions, 

such as excavation and traffic. Following remediation, disturbed areas would be subject to 

increased rates of wind erosion until a growing cycle was complete and a new layer of thatch 

was laid down. Worst-case increases in erosion potential are discussed below in relation to 

the effects of a wildfire. Revegetation activities involving protective mulch and fast-growing 

plants would minimize this effect; 

Decommissioning. The release of an unexpected “pocket” of contaminated concrete during 

decommissioning could result in relative1 y high but very short-lived impacts that would 

increase overall actinide transport off Site by insignificant amounts. Maximum impacts 

would occur very near the point of release, within Site boundaries and impacts at the 

fenceline would be several orders of magnitude lower. On an annual average basis, off-Site 

transport would be minimally-impacted because of the short duration of the increased 

concentrations; 

0 Wildfire. A wildfire could result in high, short-term particulate matter concentrations (for 

example, PMlo concentrations within the plume were estimated to be several hundred times 

the normal PMlo concentrations at FWETS and such levels could persist for the duration of 

the fire). The significance of the impacts depends both on the size of the burned area and the 

weather conditions during the fire. Light winds and stable conditions would contribute to 

higher pollution levels at the ground than windy conditions, although a wildfire is likely to 

bum a much larger area under high winds. Airborne actinide concentrations would vary 

depending on where on the Site the fire occurs; 

Post-fire. Post-fire wind erosion would increase from the burned areas. Wind erosion 

following a fire in the 903 Pad area was predicted to cause as much as a 5- to 13-fold 

increase in annual actinide concentrations when compared to unburned conditions. 

Particulate matter concentrations were predicted to increase by smaller amounts. The 

increases in particulate matter and actinide concentrations associated with the aftereffects of 

a wildfire would vary with the location of the fire and with the time of the year that the fire 
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occurred. A fall fire would cause greater concentration increases than a spring fire because 

vegetation would recover more slowly over the winter months than during the spring and 

summer. For example, the post-fire resuspension scenarios modeled in FYOl predicted that, 

over the course of a year, recovery from a spring fire near the 903 Pad would result in a 5- to 

8-fold increase in actinide impacts from the burned area. In contrast, a fall fire in the same 

location, representing a reasonable worst-case vegetation recovery scenario, would increase 

actinide impacts from the burned area 9- to 13-fold. The post-closure vegetative recovery 

scenarios showed somewhat higher concentrations than the pre-closure scenarios. The 

reason is that the area of the 903 Pad itself would become a source subject to wind erosion 

after the asphalt covering is removed. To put these results in perspective, the worst-case, 

pre-closure fire was predicted to result in an annual Pu-239/240 effective dose equivalent 

@DE) of approximately 7.5 millirem (mrem) and an Am-241 EDE of 3.05 mrem. These 

concentrations represent a receptor located within the burned area itself. At the Site 

fenceline, predicted worst-case, post-fire concentrations totaled 0.038 mrem Pu-239/240 and 

0.01 1 mrem Am-241. 

Post-Closure. Post-closure impacts would be somewhat higher for a fire in the same 

location; a total of 10.5 mrem Pu-239/240 and 3.16 mrem Am-241 for a receptor located 

within the burned area and 0.055 mrem Pu-239/240 and 0.013 mrem Am-241 for a fenceline 

receptor. For comparison, the EPA NESHAP standard limits emissions of radionuclides 

from DOE facilities to amounts that would result in annual off-Site impacts of no more than 

10 mrem. The increased wind erosion that would follow a fire would also increase off-Site 

transport, but the increase would be highly dependent on the distance from the burned area to 

the fenceline. The increased emissions would only apply to the actual area burned; adjacent, 

unburned areas would be unaffected. Wind erosion rates would generally be expected to 

return to a pre-burn state within a year or so; the effect would not be ongoing after a new 

layer of thatch has been developed. Although a fire would remove the vegetation and thatch 

that provides erosion protection for the soil, increases in emissions would be limited by the 

tendency of the soil to crust and by the remaining roughness elements, such as rocks, large 

soil particles and burned vegetation clumps, that also limit wind resuspension. As with 
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unburned conditions, total erosion is limited by the fact that there is a limited supply of 

particles available for erosion. Wind events would temporarily deplete this reservoir on the 

burned area, just as they would an unburned area; and 

0 High winds. High winds can resuspend much larger amounts of particulate matter and 

actinides than lower .wind speeds, with resulting increases in downwind concentrations and 

off-Site transport. The effect of increasing wind speed on emissions is particularly 

pronounced if the ground surface has been disturbed by traffic or excavation or any other 

natural or man-induced event that renews the erosion-prone surface layer of soil. As noted 

above, however, the effect is temporary because the supply of particles available for erosion 

is rapidly depleted by high winds. Consequently, increased emissions and off-Site transport 

may only increase for a few minutes to a few hours, at most, during windy periods at the Site. 

Resuspension after a wind event will actually decrease for a period until additional particles 

are deposited or otherwise generated. 
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TA-6.5 BIOLOGICAL PATHWAY - EXTREME CONDITIONS ANALYSIS 
e 

Extreme conditions were not evaluated for the biological actinide transport pathway. However, 

an estimation of the potential impact to biological actinide transport from a hypothetical extreme 

event, such as a flood or range fire, can be made based on results presented in Section TA-5. In 

the estimation approach presented in Section TA-5, approximately 5 % of the mule deer were 

estimated to leave the Site annually based on radio-telemetry tracking data (Symonds and 

Alldredge, 1992). If an extremeevent caused 100 % of the mule deer to leave the Site, then the 

estimates for off-Site actinide transport by mule deer presented in Section TA-5 could be 

increased by a factor of 20. 
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Figure TA-6-1. Lower Walnut Creek - Pu Loading Profile for 
Water Year 1997 - 1999 Average Compared with Extreme Events 
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Figure TA-6-2. A- and 6-Series Ponds - Pu Loading Profile for 
Water Year 1997 - 1999 Average Compared with Extreme Events 
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Figure TA-6-3. SID -Pu Loading Profile for 
Wafer Year 7997 - 1999 Average Compared with Extreme Events 
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Figure TA-6-4. Model-Estimated Off-Site Groundwater Flux for Walnut Creek 
Groundwater Basin - Wet Conditions Compared with Normal 
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Figure TA-6-5. Model-Estimated Off-Site Groundwater Flux for Woman Creek 
Groundwater Basin - Wet Year Compared with Normal 
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TA-7 SUMMARY AND CONCLUSIONS 

TA-7.1 SUMMARIES OF MAJOR TOPICS 

Major subjects addressed in the Technical AppenQx are summarized below. Findings that 

support or are different than actinide transport pathways identified in the conceptual model are 

noted as appropriate. 

TA-7.1 .I Actinide Sources 

There are background levels for Pu and Am at RFETS that arise from non-RFETS 

activities. Global fallout from atmospheric weapons testing dispersed low levels of Pu and Am 

to surface soil around the world. This causes a “background level” of Pu and Am to be 

transported by the surface water, air and biological pathways. 

A significant natural U background exists at RFETS that complicates the determination of 

how much U at the Site has been contributed by RFETS activities. U occurs naturally in the 

earth’s crust, particularly in the Front Range near RFETS. The natural abundance of U causes a 

background level to be transported by the surface water, air, groundwater and biological 

pathways. Progress is being made on differentiating natural from anthropogenic U using 

characteristic differences in isotopic abundances. Studies indicate that the only easily detectable 

RFETS contribution to U in soil and groundwater is in the immediate vicinity of the primary 

sources. Beyond the immediate vicinity of the sources, specialized isotopic ratio analyses are 

required to distinguish anthropogenic U from background activity. 

Species of very low solubility, which are predominantly those containing Pu and Am, have 

remained largely at and near the location of their initial release over approximately a 30 
year period. Approximately 90 % of the Pu and Am measured in soil is in the top 12 

centimeters and nearly all is confined to the top 20 centimeters of the soil surface. These 

effectively insoluble actinides are mostly (greater than 99 %) associated with solids, either 

strongly sorbed to soil particles or precipitated as oxides and hydroxides. Transport of Pu and 
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Am solid species at RFETS is chiefly by wind, soil and pond sediment erosion processes. 

Transport by dissolution into groundwater is not significant. 

Over 50 % of the actinide source locations identified in the Historical Release Report did 

not have surface or sub-surface soil data for Pu, Am and U. Using the data acceptance 

criteria used for this report, 120 out of 215 total actinide source locations had no data for the 

three actinides studied in this investigation. Source locations designated as active MSS, UBC, 
NFA or Recommended NFA were included in the evaluation. 

TA-7.1.2 Pu, Am and U Geochemistry 

Transport mechanisms are controlled by solubilities. Chapter TA-3 of the Technical 

Appendix presents the geochemical transport processes for Pu, Am and U species resulting from 

actinide releases to the environment. These transport mechanisms are based on extensive review 

of experimental and theoretical literature. On-Site studies at RFETS, which are in agreement 

with the conceptual model, indicate that the main transport mechanisms for Pu, Am and U are 

controlled by the solubilities of the actinide chemical species formed under environmental 

conditions at the RFETS. 

Oxidation state of the actinide effects solubility. The oxidation state of actinides has a 

controlling effect on their environmental behavior. Oxidation states, in turn, are determined by 

each actinide’s unique electron structure and the chemical conditions of surrounding soil and 

water. The actinide oxidation states of environmental interest are 111, IV, V and VI. Different 

oxidation states can form various molecular complexes, each with a characteristic solubility and 

chemical reactivity. Actinides in the lower oxidation states (III and IV) tend to form complexes 

with very low solubilities and the strongest sorption to mineral and rock surfaces. Actinides in 

the higher oxidation states (V and VI) tend to form complexes with much higher solubilities and 

the weakest sorption to mineral and rock surfaces. 

Because of oxidation state differences, the environmental behavior of Pu and Am is very 

different from that of U. Whereas Pu and Am tend to be in the lower oxidation states 111 (Am) 

and IV (Pu) under environmental conditions, U is most stable in the IV and VI oxidation states. 
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Because U(VI) forms compounds of much greater solubility than do Pu(IV) or Am(III), U 

exhibits a much greater tendency to be in soluble forms than do Pu or Am. 

Mobility of Pu and Am at RF'ETS is largely controlled by soil surface erosion processes. 

Measurements of actinide movement caused by wind and surface water runoff show that the 

observed mobility of Pu and Am at RFETS is largely controlled by soil surface erosion processes 

and is essentially the same as the mobility of the surface soils and stream sediments. 

Unlike Pu and Am, environmental U species can undergo significant subsurface transport, 

although measured levels of U at RFETS are difficult to distinguish from background. 

Except in the immediate vicinity of source terms, data concerning the historical distribution of 

natural U will be useful for predicting the movement of anthropogenic U, since U from RFETS 

sources will be subject to the same geochemistry and dispersal mechanisms as background U. 

TA-7.1.3 Surface Water Actinide Transport 

Analysis of measured and modeled Site data indicate actinide transport patterns that 

almost fully support the transport mechanisms addressed in the conceptual model. An 

exception is that modeled data indicate airborne transport of Pu to surface water may, in the case 

of the ponds, be more significant than expected in the conceptual model. 

Pu activity concentrations in surface water vary by up to a factor of 40 from drainage to 

drainage. Average Pu activity concentrations measured in surface water range from 0.191 

pCiL, for central Industrial Area runoff monitored at station GS10, to 0.005 pCi/L for Woman 

Creek at station GSOl located near Indiana Street. 

U activity concentrations in surface water are relatively uniform across the Site. Due to 

similar U concentrations, U load delivered by one basin or another is largely a function of each 

basin's water yield. Though surface water across the Site has U concentrations well below the 

MCL standard for drinking water, high resolution analytical techniques are planned to 

definitively determine whether any U from anthropogenic sources is impacting Site surface 

water. 
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The central Industrial Area has the highest Pu loads in surface water per square meter of 

drainage area, although it is not the area with the highest Pu concentrations in surface soil. 

Central Industrial Area runoff, monitored by Station GSlO on South Walnut Creek, has the 

largest Pu load of any sub-basin (2.9Ei-07 pCi/year). The average annual Pu load delivered per 

square meter at GS 10, (42.5 pCi/m2/year) exceeds the next highest major sub-basin by nearly a 

factor of five. However, the GSlO sub-basin does not have the highest Pu surface soil 

concentrations at the Site. Nearly half of this basin is composed of impervious Industrial Area 

surfaces that generate large volumes of runoff during storms. The higher runoff causes erosion 

and actinide loading in surface water. In contrast, the SID drainage has areas near the 903 Pad 

with the highest known levels of Pu activity in soil at the Site, but the basin is largely well- 

vegetated and therefore, under normal precipitation conditions, much less runoff is generated that 

can cause erosion and transport actinides. The surface water Pu load discharged per square 

meter of the SID basin (3.8 pCi/m2/year) is roughly one tenth of the load per square meter of 

watershed measured in the central Industrial Area runoff. 

For extreme conditions, the SID may yield proportionately higher actinide loads. Model 

results indicate a hypothetical 100-year, 6-hour storm event (97.1 mm) would cause erosion in 

the SID basin and result in Pu loads to the channel that are two to three orders of magnitude 

higher than observed in the Walnut Creek basin. Remediation of soils within the SID watershed 

will reduce actinide loads transported in extreme events. 

0 

The detention ponds on North and South Walnut Creeks serve to settle out particulates 

and generally remove 80 % to 90 96 of the annual Pu and Am load that flows into the 

ponds. This corresponds with Site research that demonstrates approximately 10 % of the Pu and 

Am flowing into the ponds is sorbed to colloid particles that are not likely to settle in the ponds. 

Another important observation regarding Pu transport involves the lower section of Walnut 

Creek. The average annual Pu load measured in Walnut Creek near the Site boundary is 

approximately 30 % greater than the Pu load measured upstream, below the detention ponds. 

Site investigations indicate the Pu source in this area is diffuse, low-level legacy contamination 

in soils and sediments (RMRS, 1998). 
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Deposition of airborne Pu and U to surface water contributes a negligible input to surface 

water loads in most cases. Model estimates for the airborne transport of Pu and U-238 to 

surface water indicate a relatively minor input load, less than one percent of the total, for all 

actinides in all study areas, with one exception. In the case of the A- and B-Series ponds, the 

modeled deposition of airborne Pu accounts for 12 % of the total input load. The large surface 

area of the ponds causes them to be impacted more by airborne actinide deposition than channel 

reaches without ponds. This unique case is counter to the conceptual model, which identifies the 

air-to-surface water pathway as minor. 

Groundwater is a minor pathway of Pu and Am transport to or from surface water. The 

estimated average annual load of Pu conveyed in groundwater comprises one percent or less of 

the total input or output load for any of the areas studied. The potential for colloidal Pu to be 

transported in the groundwater is acknowledged and assumed to be the mechanism by which 

groundwater Pu transport would most likely occur. 

Groundwater is a major pathway of U transport to or from surface water. Model estimates 

for U-238 in groundwater ranged from 7 % of the output load in lower Walnut Creek to 83 % of 

the input load in the SID basin. This is in contrast to groundwater transport of Pu, for which 1 % 

or less of the total input or output load was estimated in all study areas. 

TA-7.1.4 Groundwater Actinide Transport 

At RFETS, potential groundwater actinide transport involves lateral, shallow groundwater 

flow in the alluvium and weathered bedrock geologic units. Shallow groundwater at the Site 

does not percolate down toward the regional Laramie-Fox Hills aquifer. A thick, intervening 

layer of impermeable claystones in the Laramie Formation prevents vertical movement from the 

shallow groundwater down to the regional aquifer. 

Shallow groundwater and surface water are inextricably linked. Similar to surface water, an 

actinide’s solubility dictates its transport in shallow groundwater. Pu and Am are relatively 

immobile in the soil and groundwater because of their low solubility and tendency to sorb onto 

soil. However, work at RFETS and studies in the literature have shown that insoluble actinides 
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can sorb to natural, sub-micrometer-sized colloid particles that can potentially facilitate actinide 

movement. In addition to colloidal transport, sub-surface actinide transport can also occur when 

more soluble actinides, such as U in the VI oxidation state, move in solution with the 

groundwater. 

Determination of PU and Am levels in shallow groundwater is complicated by residual 

surface soil contamination potentially introduced down boreholes during drilling and well 

installation operations. Low levels of Pu and Am have been detected in shallow groundwater 

wells at the eastern Site boundary. However, determination of Pu and Am levels in shallow 

groundwater is complicated by residual surface soil contamination potentially introduced down 

boreholes during the well installation process. New clean or “aseptic wells” were drilled and 

efforts to improve sampling protocols are currently ongoing. For this analysis, Pu and Am 

activity measured in shallow groundwater wells may represent activities higher than what 

actually exists in the shallow groundwater. 

U-233/234 and U-238 isotopes are the dominant actinides found in shallow groundwater in 

terms of total activity because of their natural abundance. U in RFETS shallow groundwater 

is generally within the range of U detected naturally. Data from high-resolution ICPMS 

analyses indicate that U in most areas of the Site is from natural sources. However, shallow 

groundwater samples at the Site boundary in the Walnut and Woman Creek groundwater basins 

have a U-235/U-238 ratio that is slightly less than found naturally. Though potentially related to 

analytical uncertainty, these results indicate that the alluvial groundwater in these basins has a 

signature indicating a small fraction of the uranium is “depleted” U. 

TA-7.1.5 Airborne Actinide Transport 

Transport of actinides through the air occurs largely by wind erosion of actinide- 

containing particulate matter from Site soil and dust-laden vegetation. The general direction 

of airborne actinide transport follows the prevailing winds, from the northwest to the southeast. 

More importantly, higher winds, which transport exponentially larger loads than lower winds, 

occur almost exclusively from the northwest quadrant. 
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The amount of activity from airborne U-238 and U-234 is nearly 100 times the amount 

measured from airborne Pu at the Site as a result of the natural U inventory in the soil. 

Airborne U is primarily from wind erosion of soils that contain natural-occurring U. Airborne 

loads of Pu and Am are primarily caused by wind erosion of contaminated soils near and east of 

the 903 Pad area. The perimeter air monitoring location with the highest total airborne actinide 

concentration from 1997 through 1999 was station S-140 beside Indiana Street in the southeast 

comer of the Site. This location had airborne actinide concentrations totaling approximately 1.4 

% of the 10 millirem regulatory standard governing airborne radionuclide concentrations at DOE 
facilities. 

e 

Wind erosion has been determined to represent the majority of air emissions transported 

from the Site during recent years. Off-Site transport was calculated for Pu-2391240 and Am- 

241 as the difference between annual wind erosion emissions from the Site and deposition of 

actinides back onto the Site. Off-Site transport through the air pathway was estimated using 

measured data and emission deposition model results from the FYOl air pathway modeling. 

Any activity that disturbs the soil, whether natural or anthropogenic, will increase the 

potential for wind resuspension for some period of time. As discussed in Section TA-6, 

vari0.u~ hypothetical events and activities analyzed through modeling would produce higher rates 

of off-Site transport than occur under current Site conditions. Post-closure emissions could be 

somewhat higher than current emissions from undisturbed areas because removal of buildings 

and roads will expose more surface area to wind resuspension. High winds result in higher rates 

of emission than calm or breezy conditions but the effect may be temporary as erodible particles 

are rapidly depleted. Closure activities such as decommissioning may also temporarily increase 

emissions and off-Site transport. Generally, decommissioning activities have a low probability 

for significant actinide emissions to air because building surfaces will be decontaminated prior to 

demolition. However, release from an unexpected pocket of contamination could result in 

elevated emissions for a very short period. 
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Remediation activities have a higher potential for emissions of actinides bound to soil 

particles because, in addition to particulate matter emissions that will occur during earth 

moving activities such as excavation, disturbance of the soil increases the reservoir of 

erodible particles. Two practices that are routinely employed at the Site during such activities 

greatly limit this potential cessation of outside work during high winds and revegetation efforts 

when soil disturbance has ceased. 

Model results for a hypothetical rangeland fire indicate a 5- to 13-fold increase in airborne 

annual actinide concentrations would be expected for a wildfire in the vicinity of the 903 

Pad for the first year following a fire. A wildfire at the Site would result in temporary 

increases in emissions of particulate matter from the smoke plume. The amount of actinide 

emissions would depend on where the fire occurred. Post-fire resuspension would increase until 

vegetation and thatch was restored. Emission estimation and modeling based on recent wind 

tunnel studies at the Site indicated a 5- to 13-fold increase in annual actinide concentrations 

would be expected for a wildfire in the vicinity of the 903 Pad for the first year following a fire. 

TA-7.1.6 Biological Actinide Transport 

RFETS-specific studies and other scientific literature indicate that Pu has low 

bioavailability, due to its insolubility and uptake into plant and animal tissues is minor. 
There is little accumulation of Pu in the tissues of arthropods, small mammals, snakes and mule 

deer and biomagnification through the trophic levels does not appear to occur. In the terrestrial 

communities, vegetation stuhes from the early 1970s through the early 1990s have concluded 

that much of the h associated with plant material adheres to the surface, rather than as Pu 
incorporated into plant tissues. Results from these studies suggest that as Pu availability and 

uptake by plants has declined over time, the amounts available to primary consumers have also 

decreased and thus the potential for redistribution has declined. Additionally, Pu-contaminated 

soil redistribution through burrowing is a limited-area phenomenon and this process has only 

local effect. Other terrestrial or semi-aquatic (e.g., ducks) species are estimated to transport less 

actinides than the deer to off-Site areas, but no data are available for more accurate 

quantification. 
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Limited aquatic studies at RFETS indicate an insignificant potential for biota to 

redistribute Pu in aquatic systems. Paine (1980) found that an increase in trophic level 

concentration of Pu did not occur. There appeared to be a selective mechanism, which 

discriminated against Pu at the phytoplankton to zooplankton level. The highest concentration in 

crawfish was found in the exoskeleton. Whole fish had detectable activity, but fish flesh showed 

none. These results point to low bioavailability of the Pu due its chemical partitioning to solid 

particles. 

The estimated Pu load transported off-Site annually by deer movement is approximately 5 
to 6 orders of magnitude less than transported by the surface water and air pathways. The 

Pu activity transported off-Site by deer movement is estimated to be approximately 200 to 1000 

pCi annually. This estimated off-Site transport load is approximately 5 to 6 orders of magnitude 

less than the off-Site loads estimated for the surface water pathways. Mule deer have been 

studied as the most probable biological pathway for off-Site actinide movement because of their 

mobility, amount of soil intake and size of the herd. 

Microbial metabolic processes affecting radionuclide solubility are significant and varied. 

Given the time frame required, the potential for significant microbial effects on transport are 

increased and therefore the metabolic process performed by microorganisms when interacting 

with radionuclides must become part of performance assessment. These processes include, but 

are not limited to, sorptiodprecipitation, complexatiodchelation and biodegradation of 

complexed actinides, dissolution, oxidatiodreduction reactions and colloidal agglomeration. 

Additionally, microorganisms create microenvironments of nutrient and chemical gradients, 

capable of altering radionuclide solubilities. Although no Site-specific geomicrobiological data 

exists, one can safely assume that many or all of the geomicrobiological processes discussed 

herein are in place and operative at RFETS. These processes are important to understand, not 

only to provide a more complete understanding of ongoing and potential actinide transport 

pathways, but also for potential development and expansion as part of a site remediation 

' 

program. 
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The soil microbial population should be regarded as being stable and this stability becomes 

an important parameter when developing performance' evaluations for the migration of 

radionuclides. Because of its stability, the soil community will be in place and metabolically 

active, however diminutive, for the entire time frame under consideration. 

TA-7.1.7 Summary of Identified Data Gaps 

Data gaps identified in the AME Pathway Report are summarized below in order of perceived 

importance to Site closure: 

Some buried sources with potential actinide contamination, such as Process Waste Lines, 

have not been characterized. Process Waste Lines are known to have contained high 

concentrations of actinides and represent potentially significant actinide sources. It is 

recognized that extensive further characterization of the Industrial Area is planned; 

Actinide data exist for all environmental media at approximately one half of actinide source 

areas identified in the HRR, including MSS, UBC and Proposed NFA sites. These data are 

potentially important depending on the nature and location of the actinide source; 

Surface water isotopic U data are not collected at boundary monitoring stations GSOl, on 

Woman Creek or GS03, on Walnut Creek. The current RFCA POC locations for total U in 

surface water are at the terminal pond outfalls upstream from stations GSOl and GS03. 

Although U data at the Site boundary would be of interest, U concentrations in surface water 

have historically not been a compliance issue and are believed to be largely natural U. 

ICPMS analysis is planned to determine where surface water at the Site contains 

anthropogenic U. 

Models have not been developed for hillslope runoff of U. Again, U concentrations in 

surface water have not been an issue'in terms of compliance with water quality regulations; 

Recent actinide data do not exist for vegetation in the Macroplot 1 study area and surface 

contamination of vegetation effects all pathways, either directly or indirectly. However, the 
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analysis and conclusions of previous studies in this area are believed to still be relevant to 

current Site conditions; 

Historic biological studies addressed Pu, not U. Although the Pu results can reasonably be 

inferred to resemble the biological transport patterns expected for Am, there is an absence of 

information regarding biological transport of U. However, data indicate the biologcal 

transport pathway is relatively minor and U transport via biota is not considered to be 

significant; and 

Microbiological soil profile data do not exist. Although the soil microbe populations have 

not been characterized at RFETS, the microbes will remain in existence following Site 

closure. Therefore, although obtaining soil profile data may prove interesting, addressing 

this data gap would not necessarily lead to any changes being implemented during the Site 

closure process. 

TA-7.1.8 Pathway Comparison 

Estimates of average annual actinide loads transported off-Site by each of the major pathways 

addressed in this report are summarized and compared in this section. In cases where more than 

one method was used to estimate off-Site loads for a specific pathway, the method yielding the 

highest estimated off-Site load was used for the comparison. Because quantities of actinides 

transported off-Site vary by several orders of magnitude depending on the actinide and transport 

pathway, a logarithmic scale is used to display the results (Figure TA-7-1). Therefore, each 

horizontal line represents an actinide load that is larger, by a factor of 10, than the line below. 

Actinide transport pathways are compared in terms of orders of magnitude due to the 

uncertainties associated with analytical measurements and model estimation results. 

For all actinides, air and surface water are the dominant transport mechanisms. For Pu, the 

estimated annual airborne load transported off-Site exceeds the surface water load by roughly a 

factor of 40. For Am, the trend of the results is the same, which is logical because both PU and 

Am are transported in a similar manner. a 
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For shallow groundwater, estimated Pu and Am loads are approximately 2 orders of magnitude 

less, or 1/100", of the load conveyed in surface water. These shallow groundwater loads are, 

however, potentially biased high because of residual low-level surface soil contamination 

introduced down boreholes during drilling and well installation operations. The difference 

between the surface water and groundwater off-Site Pu and Am loads reflects approximately the 

same difference in water yields between surface water and shallow groundwater flux. 

The biological pathway is also minor relative to the air and surface water pathways. It is 

estimated to transport approximately five orders of magnitude less, or 1/100,000, of the Pu load 

compared with the surface water pathway. 

TA-7.1.9 Evolution of the Conceptual Model 

The following findings from the quantified analysis of Site measured and modeled data indicate 

the conceptual model for actinide transport at the Site, first introduced in Section TA-1, should 

be modified accordingly. 

Pu and Am 

The surface soil-to-air and air-to-soil pathways, both for resuspension for Pu and Am, 

including suspension and deposition, should be identified as major, not minor pathways. 

The air deposition-to-surface water pathway for Pu and Am should be identified as a major, 

not minor pathway, when a large surface area, such as a pond, is impacted. 

The flora-to-air interface pathways for Pu and Am, including suspension and deposition, 

were not modified to major pathways, mainly because this transfer mechanism is not fully 

understood. 

The modlfied Pu and Am conceptual model diagram is shown in Figure TA-7-2. 

- U 

0 Data indicate no reason to modify the U transport pathways in the conceptual model. 
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TA-7.2 CONCLUSIONS 

Quantified analyses of RFETS actinide pathways generally support the conceptual model that 

identified soil and sediment transport processes as the primary mechanisms for Pu and Am 

transport. Measured and modeled data confirm that wind and water erosion are the dominant Pu 

and Am transport pathways, though the relative magnitude of airborne transport is more 

significant than previously suggested in the qualitative conceptual model study. 

Modeled data also support the conceptual model in terms of shallow groundwater transport being 

a relatively minor pathway for Pu and Am. This behavior is a function of the low solubility and 

strong soil sorption characteristics of these actinides. Data also support the conceptual model 

regarding the importance of sub-surface U transport, due to its higher solubility, though isotopic 

ratio analyses indicate most of the U in shallow groundwater is from natural sources. U loads 

transported off-Site in shallow groundwater are small compared to surface water. However, 

mass balance analyses indicate that discharges of shallow groundwater to the surface contribute a 

major fraction of the surface water U load in specific stream channels. @ 
For the biological pathway, Site-specific research indicates there is little accumulation of Pu in 

the tissues of arthropods, small mammals, snakes and mule deer. Calculations for'estimated off- 

Site actinide transport by mule deer reflect that the biological pathway is a relatively minor 

actinide transport mechanism. Microorganisms in the soil and water can both facilitate and 

inhibit mobility of actinides in the environment. In general, soils rich with organic material tend 

to inhibit the mobilization of radionuclides. 
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SECTION TA-7 FIGURES 
0 

Figure TA-7-1. Estimated Off-Site Annual Actinide Loads (Logarithmic-Scale) 
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Figure TA-7-2. Modified Conceptual Model for Pu and Am Transport 
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I .O OVERVIEW - ANALYSIS OF Pu/Am RATIO: SURFACE SOIL DATA 

Geostatistical analyses were performed on the ratio of Pu-2391240 to Am-241 sample 
data (PdAm) for surface soils at the RFETS. A total of 473 ratio values based on surface 
soil samples were used to evaluate the ratio variability across the Site. The data sets 
include samples dating from June 1991 to the present. Pu/Am ratios used in the study 
ranged from 0.06 to over 22.6. However, more than 1700 results with Pu or Am value's 
below 0.04 pCi/g (approximately natural background) were excluded from the analysis. 

2.0 DATA ANALYSIS 

2.1 Types of Sample Data 

The data used in the site-wide analysis represent several sampling events and sample 
types. The first type of samples was discrete grab samples. The second type of samples 
was composite samples. Two lfferent methods of composite samples were used. The 
first method, known as the Rocky Flats method, removed soil in a 10 by 10-cm square to 
a depth of five-cm. Five such square areas were combined to create a composite sample 
that represented the center of a sampling grid. Similarly, CDPHE method took 25 six by 
five-cm rectangles 0.64 cm deep and composited them to form a sample. The third type 
of samples are HPGE samples. These samples represent surface soil actinide 
concentrations over a circular area with a 10-m diameter. 

0 
2.2 Reduction of the Data Set 

The Pu-239/240 and Am-241 sample data from 2,186 locations were used to calculate the 
Pu/Am ratio. The ratio values are unitless. The ratio data set of 2186 values contained 
ratios from approximately 0.005 to over 22.6. The final data set used for the 
geostatistical analysis was significantly smaller than the starting ratio data set. Individual 
Pu-239/240 or Am-241 values below 0.04 pCi/g were deleted from the data set as these 
represent soil activities below natural background and therefore do not provide 
meaningful insight regarding the Pu/Am ratio. The final data set contained 473 ratio 
values. 

2.3 Spatial Variability of Sample Data 

The distribution of actinide concentrations in surface soils at the Site is relatively 
consistent in many areas, but highly variable in others. Values in the Protected Area and 
areas just to the east generally exhibit low ratios, indicating Am-241 enrichment. 
However, some high ratios are also present, indicating localized Pu-239/240 enrichment. 
In contrast, the 903 pad and areas to the east and south generally contain relatively high 
ratios, indicating enrichment by Pu-239/240. Locations and ratio values can be seen in 
Figure TA-A-2 below (Note: Figure TA-A-1 is a map at the end of this attachment). 
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Figure TA-A-2 
Location Map of PdAm Ratio Data 

2.4 Statistical Analysis of Data 

The two data domains, NW and SE, were analyzed for statistical parameters. The 
histograms for the NW and SE data can be seen in Figures TA-A3 and TA-A4 
respectively. The NW histogram shows a left-skewed histogram, with a few relatively 
high ratio values. This type of skewness is typical of environmental data. The SE data 
create a histogram that is more symmetrical, similar to a normal dlstribution, but with 
some relatively high ratio values. 

Probability plots of the NW and SE ratio data are shown in Figures TA-A-5 and TA-Ad. 
The N W  area ratio data show distinct departure from normality throughout the curve, 
confirming the histogram results (a straight line indicates normality). The SE area ratio 
data show a relatively high degree of linearity (normality) in the lower 90 % of the 
distribution. Above 90 %, the observed outliers cause the line to deviate from normality. 
Results of the statistical analysis are summarized in Table TA-A-1. 
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Figure TA-A-3 
Histogram of NWArea Ratio Data 
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Figure TA-A-4 
Histogram of SE Area Ratio Data 
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Figure TA-A-6 
Cumulative Frequency Plot of SE Area Ratio Data 
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Maxi mum I 16.9 122.6 I 
Mean . I 3.40 I 5.96 I 
Variance I 5.94 I 8.74 I 
Standard Deviation I 2.44 I 2.96 
Number of Samples I 325 I176 I 
Median 1 3.02 I 5.59 
Coefficient of Variation I 0.72 I 0.50 I 

Table TA-A-1 

3.0 VARIOGRAM ANALYSIS 

Variography was performed on the data in the NW and SE domains separately. The 
reason for this is the substantial difference in the spatial data variability noted between 
the two domains as well as the Qffering statistical distributions. Within each area (NW 
and SE), five different directions were analyzed: North-south, northeast-southwest, east- 
west, northwest-southeast, and an omni-directional variogram (all directions 
simultaneously). The spatial variability in these five directions was analyzed for the ratio 
of h-239/240 to Am-24 1. 

Several types of variograms were calculated during the variography study. Different 
types of variogram analyses can often mitigate the influence of the high variability of the 
sample data values. Variograms calculated and studied during the variography analysis 
were absolute variograms, general relative variograms, local relative variograms, and 
logarithmic variograms. Variogram graphs for the NW area appear in Figures TA-A-7 
and TA-A-8 for the FWAm ratio data. Variogram graphs for the SE area appear in 
Figures TA-A-9 through TA-A-IO. Variogram graphs in both the NW and SE areas 
exhibit good structure. 

Once the variogram graphs were obtained, mathematical models were fit to each 
directional variogram graph (Figures TA-A-7 through TA-A-10). The mathematical 
model describes the variability and comelation of the sample data as the distance between 
samples increases. This correlation is used in the kriging process. Numerous types of 
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mathematical equations are available for variogram modeling. For the site and plume 
variograms, the commonly used spherical model was selected to represent the graphs. 
Table TA-A-2 lists the variogram models selected for the long and short axes of spatial 
continuity and the direction of these axes. The equation for the spherical model.appears 
below: 

y(h) = c, + c -- --- [;: :::I 
where 

y(h) = variance at distance h 
CO = nugget effect 
C = spherical component 
a = range of influence 
Sill = Co+C 

Variogram graphs in the N W  area were modeled using a general relative variogram. 
Variogram graphs in the SE area were modeled using an absolute variogram. 

Variogram for PulAm Ratio 
Northwest Zone 

Minor Axis: Northwest - Southeast 

0 200 400 600 8w lax, 1203 

AverogeDlrtanceUt) 

Figure TA-A-7 
Variogram Graph of NW Area Ratio Data: Minor Axis (NW-SE) 
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Variogram for PdAm Ratio 
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Figure TA-A-8 
Variogram Graph of NW Area Ratio Data: Major Axis (NE-Sw) 
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Figure TA-A-9 
Variogram Graph of SE Area Ratio Data: Minor Axis (N W-SE) 
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Variogram for PulAm Ratio 
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Figure TA-A- 10 
Variogram Graph of SE Area Ratio Data: Major Axis (NE-S W) 

Table TA-A-2 

The nugget effect indicates that there is variability even at a distance of zero, 
demonstrating that extreme variability may occur over very short distances. The nugget 
effect is also an indication of sampling and analytical error. Nugget effects were 
observed in both the NW and SE variogram results for the Pu/Am ratio. The nugget 
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effects were relatively small for both data sets and were approximately 15 9% of the sill 
value. 

KRlGlNG 

As with the variogram analysis, kriging performed separately in the two different 
domains (NW and SE) using ordinary block kriging. Block kriging integrates the 
estimate of the actinide concentration over the area of the block. Blocks used for kriging 
measured 75 x 75 ft in both Site domains. Each block represents a 5625 square ft area, or 
approximately 0.13 acres. 

Visual representations of the block kriging estimates for Pu2391240 are shown in Figure 
TA-A-1 at the end of this Section. Each block has been shaded with a color representing 
the estimated average concentration over the block area. Five PdAm ratio categories 
(pCi/g) have been established for the map display: Less than 1, 1 to 5 , 5  to 8, 8 to 12, and 
greater than 12. Ratios below approximately 5 indicate areas of Am-241 enrichment, 
whereas areas with ratios above approximately 8 indicate zones of Pu-2391240 
enrichment. 

RESULTS 

The block map shown in Figure TA-A-1 shows some distinct features. A zone of Am- 
241 enrichment exists on the east side of the Protected Area. This zone extends slightly 
to the east and north. Three primary zones of Pu-2391240 enrichment exist. The first is 
to the east of the 903 Pad. This zone results from a cluster of three samples exhibiting 
PdAm ratios above 12. The second zone of Pu-239/240 enrichment is approximately 
2500 to 3000 ft east of the 903 Pad and is just to the north of the Site access road. This 
enriched zone is based on a single elevated sample location. The third zone of PU- 
239/240 soil is located approximately 2500 ft to the southeast of the 903 Pad. This is the 
largest zone, however, it is based on a single sample value. This sample point is isolated 
from other sample locations in the area. Thus, the enriched location is shown to 
influence a relatively large area. Large areas to the east and south of the 903 Pad are 
shown to be between 5 and 8 in Figure TA-A-1. These ratios are considered “typical” for 
PdAm at the Site. Large areas to the north and west of the 903 Pad exhibit ratios of 5 
and below. This feature is largely the result of a very few data points in these areas, most 
of which exhibit ratios of 5 or less. 
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TA-B URANIUM USAGE AND POTENTIAL CONTAMINATION IN 
BUILDINGS 

Purpose 

The objective of the study is to provide a qualitative depiction of the extent of uranium usage at 

the Rocky Flats Environmental Technology Site (RFETS). Documentation of urani& usage by 

uranium isotope (e.g., uranium-233, uranium-235, and uranium-238) was initiated in response to 

qualitative questions raised during the Actinide Migration Evaluation uranium geochemical 

modeling activities-during 1999 and 2000. Results of this qualitative study will provide a 

general understanding of the potential building sources of uranium contamhation. In addition, 

the building-oriented results will assist in determining groundwater-monitoring requirements for 

specific uranium isotopes during building decommissioning. 

The following presents the compilation of historical process knowledge pertaining to uranium 
usage and potential sources of uranium contamination in buildings in tabular and pictorial 

formats. As a qualitative compilation, waste volumes and concentrations representative of short 
periods of time are provided for a general understanding of uranium usage and waste production 

at RFETS. This compilation is designed to complement the published environmental 

remediation documentation with production-related idomation. Therefore, the compilation 

does not repeat the information included in RFETS remedial investigations, technical 

memoranda, other Rocky Flats Cleanup Agreement decision documents, or the Historical 

Release Report. 

Methodology 

The methodology for researching information included the following: 

0 Review of documents; and 
. .  

0 Interviews of personnel. ' . . 
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The compiled information is presented as follows: 

0 Table TA-B-1 presents a written summary by building of the uranium usage at WETS. 

- Uranium usage is identified qualitatively based on production and waste operations 

present in the specific buildings. (Note: Specific information regarding known 

environmental contamination is available in the WETS environmental restoration and 

\ 
a 

remediation documentation and reports referenced earlier in this section.). 

- Buildings with potential uranium contamination are identified, even if contamination is 

unlikely (e.g., cooling towers associated with buildings that processed uranium are 

unlikely to be contaminated with uranium unless the closed systems were breached). 

- Sources of information are referenced by number, e.g., (1) 

0 Table TA-B-2 presents the references reviewed and identified on Table TA-B-l . 

0 Figure TA-B-1 depicts which buildings at WETS used k u m  in production or waste 

operations. 

Usage of Uranium-233, uranium-235 (enriched uranium or EU), and 1u-&.ium-238 

(depleted uranium or DU) is depicted through color on the figure. 
1 

The location of the Original Process Waste Lines are identified to provide a spatial 

understauding of the uranium solution transfer pathways that may be areas of potential 

uranium contamination onsite. 

The Original Process Waste Lines transferred aqueous wastes to 771/774, the Solar 

Evaporation Ponds, the Sewage Treatment Plant, and to several outfalls. Except for 

Buildings 707 and 7761777 organic TRU waste, organic waste was transferred between 

buildings and to the trenches and bum pits onsite (1 950s through 1960s) in containers. 

Buildings with no known uranium operations or potential uranium contamination have 

not been included on the figure. 
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machlnlng chlps burled In 1883 (20): 400 Io 36.OOO (20): 4.7Et01 lo 
d N m  In benches mslle. (3. gallom weekly bokroQn 
le )  Decsmbsr 22,1980 and elphe (25) 

June 3.1981 (25) 

7.3EwM dhVl tole 

Omanlc - dls end sobenla for AQU~OUS transfers 
mchtnlng and deanlng 
Palliculale - polanllal from 
chlp masler. May 1980 a 
vacuum mllectn ilre resulted 
In eppoxlmately 44 uCI U-238 
a the roof. December 1882 
wanlumb8ryllbm release Iron 

1953 hlgh wlnds resulled In 
release of uranium rmm drum 
resulUq In dlred count of 7500 
dpWl00 cmZ end removable 
munl as hlgh as 350 dpm. (4) 

lnduded In 444 lremfefa 

M unflllersd hood WBS noled. 

I 

I 

I I I 

Depleted U 
MenJesctuIng 

8lllldhg 

DepleleU U mJachlrfng op&numS (welding. 
ch~rnka~ mlmng. casting of u and slop) (1) 195' 
U chlp roailar (for DU and EU) end camenlaUm 

(EuUdiig 995) 

374 (25) 

ShgpIng and U 
flatedel S m e  
FllW Plenum 
ulldlng (iouth of 
444) for 8444 

zone 1 
Fdbr Plenum 

447) for E047 
Zona 2 

holing Tower - 
I444 - 800 Tons 

Uildlng (80uth Of 

883 (20): 374 and 
Mar EvaporaUon 

~ p e r a ( k n ~  bepan. ~ s i e  im~. MI -la UM or 
ma v ~ ~ l u m  em furnace pmduced U-nbbhm and 
U-zlrunlum snoys. Ftnsl deanlng of an Wer 
Rewwe prodwtbn parts produced In 444 end 
447 In 08I!h NST dalergenl and dlritllled waler. 
(2) IHSSno. 1 1 8 . l . ~ s I l ~ l n g d o a ( 3 )  

S h l w d  malerlels and wasla gerwele4 In 
4W447 (1) 
HEPA Ilrecelion 01 buUdlng effluent eb 

HEPA fdlrelion of building efl)uenl e f  

None unlew mnlamlnebd through elr releesea 
from other 8 m r  or by uossowr In Eunding 
D~OOBIS end m l lnp  weler system. 

1952 418 1 
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rable TA-B-I 
Bulldlnp Uranlum (U) U88ge 

D88CdpUOn 

Slorage Conlalner storepa of nwwsdbaclhfe end 
redloeclbe PCB wale. RouUne acuviues pmvlde 
no ioum fa uranium mnleminatlm unless 
mntemlnaled lhmugh ak releases hum other 
wums or spmr fmm mlebwm. 

Pump House - None unlaw mnlemlnated Ulmugh ab releases 
Tomr 712 fmm other sources or by cmswvef In B M n g  

prows8 end wollng water system. 

Pump House - None unless mleminated Uuwgh ab releases 
cooang T W  fmm other wurceo a by wn- In e u i w  

713 pmcess and molhp water eyelsm. 

CoaUnwLab In 1077.U238prewnlhMBAforeoaUn~. (14) 

Plulonlum Opr After 1088 llnt h 778. (inal membly opecellme 
Maimfa- movsd 0 707 In 1072. A88eKWy opwallons 

lmlude snrlohsd and deplslsd U components. 
(1.2) After 1072. U235 preml In MEA8 for meU 
faMcaUm (lndudlnp meehlnlng end caslhg) and 
rW 8Imge. U238 pmrsnl In MEA8 for NDT, 
metel faMwUon. machhlng. casting and oxlde 
twuahlng. rsdlogrsphy. and ccmtalnar rlorege. (14 
1007. en elecbdyllo damnlemlnaUon proms8 lo 
remove Pu conlemlnatlm ha EU p W  ww 
Inltleled. (17) Duflnp mnsbuctlon of 707 a 
secbon d the original prom- waste tine was 
removsd. reslduel matsrlals em likely lo be In 
residence. (4) 

Cooling Tower - None unless mnlemlnelad thrwgh ab releases 
fmm other s o u ~ e s  or by m w v e r  In Bulldlng 8707 - 4000 

TonS (out of process end coolhg water 6ystem. 
eelvice) 

Gwblg ToWa None mlesr mlamlneled m h  all releases 

process and cocllng water system. 

Coollnp Tower None unteha mnlsmlnated Vuouph sir relaaws 
from other EOUMS a by m w v e r  In Bulldlnp 

B77@777/770A p m r s  and cooling waler 8yslems. 

een ralra8edl Commsnla could hav8 b8mn 
l O l i 8 8 8 d l C O ~ ~ W l b  Acllvlty In 

Llquldr 

queoue - wemprey 

q u w w  - warspray 

lmanlc - DU 

queoue - wemprey 

q u w w  - warspray 

lmanlc - DU 

kganb - TCE then TCA wash of EU Aqueous - weales from 
arb buildlng opereUons - DU end waale: 1.200 lo 1,300 3.5E+M lo 

EU; recenUy d l u m  nilrste 
solutlonn wed In alectrolyIlc from December 22 1980 alpha (25) 
demnlemlnalhm process lo 
remwe sur(ldel pu 
mnlemlnaUon from EU S S ~ S  

Transfen of aqueous Aqueoui range 

pebns twice per month 

through March 18,1981; 
Trensfem of organlc end 
solvent wnsla: <low) 

2.2E*o8 dlnvl lola 

tqueous - overspray - DU and EU All ten biased concrete floor 
ssrnples taken for Remn Char 
measured greeler than MDA 
for U233R34 and U238. Nine 
of I O  samples measured 
greeter Vlan MDA for U235. 
Presulvey sedlnmnl semple 
lndlcalos e maxbnum total bela 
mnt8mlnsUon of 2055 
dpin!lMkm2. and remove1 
bete contendnaUon of less than 
7.00. Thew resulte ere above 
Instrument MDC bul below 
mnlamlnaUon lbnlts prescribed 
In DOE Order 5400.5. (9) 

Currently oul-of-sewlce 

weoua - overspray .. DU end EU 

.queous - ovenpray - DU end EU 

orlglnal valve vault no. 7 wosl of 
707 removed In W3. IHSS 123.2 

1068 

April 15.ZWt 



Bulldlng 
No. 

713 

713A 

716 

728 

730 

731 

732 

760 Ped 

760DP 

75oHAI 

76% 

table TA.6-1 Unnlum Usage and Potentlal Conlemlnatlon at RFETS 
Bulldlng Uranlum (U) Umga Prlmary Form of U, that could hiva Secondary Form of U h a t  OpanUon Slza: Voluma Oprrallon 81u: Obpoelllon of Olhw Radlonuclldra OPWL OPWL 

Diawlpllon beon nlaa88d Commenta could have barn of Uquld Wall@. Radlologlc llquld WWta Inalellad Abandoned 
nleaiadlCommanta Advlty In (procara waata (plplng) (8) (Plpln-a) (6) 

Llqulda Ilnra) 

WhQ ToWer Nom unta88 mtatldnakd Vlmqh ak rsleSrEs 

8778n77n79A process and coollno wakx ayo\Sma. 

AqWW - overspray - DU and EU 
lor from other aourwa n by CmiwVdr In Bulldln~ 

1 

Valve pi1 (east of 

Pump Houw- NOW unleM conlemlnaled V l W h  alr 
Cooling Tcww fm o h r  rourc81 or by Q ~ M V B T  In Building 

711 p(0CdrD Md COolhQ Wla rySlsnlS. 

hocesr Werle 
Pit - 8771 

PmeSUweOtO Aqueous - DU snd EU Included In 776 bansfera Laundry wsle pll tanks. 4 
pit. B ne 

Pmmu  wait^ 
Pit 8707 Plsnun 

Deluge 
bUndly wS8tE 

Aqueous - DU and EU 
713) a 

AgUewS - OvsrSPreY - DU End EU 

A~UOWS - DU and EU Induded In 771 bWsfEn 2 abandoned OPWL tanks In 726. 
IHSS 128 (6) 

abandoned OPWL W s  h 730. 
IHSS 132 (6) 

Aqwoul - DU and EU Included In 707 lrSnrlsm 

Aquaow - bask sduUon8. prlmsrUy Included In 778 lrSMfOlS 
PII - 8776 DU 
Ponduelo Contalndml wasta  nape IadWy. Rouline Aqusws - prsclpltallon nmofifmn Conlalnerlred sdlds end 

8lOrOgE PEd ECtMW8 prwidr 170 WulU for tnmfum 

6.6 end 12) releaser fmm othu sourws OT rpllls fm 
mtslnen. 

760 Dawn Ped Dmnlemlnstlm d ag-t end vehlcias 

Maln HerardGla Conlelnerbed warn s-ge fad!4y. Routlne 

apUl area8 - DU and EU llgulds - aollddled Sder Ponds 
(Ten1 I s  2,3.4, mn(atnhm(l0n U&M mlemlnstsd throuph slr shrdge. 

A q u w o  - overupmy - OU end EU 

Particulate Aquaous - prwapitatlon runoff 
han spln WBL: stme s o l ~  
and upuw low level WBBIeO 

Storage Area e.cUvlMa provlds no 8ource for urenlum 
(Unll 1, Unll conlemlnalla, unkss contamlnabd m h  alr 
2205) (cargo IekEma horn oulu .Ource8 OT rpms fm 
wntalnan) mntalnerr. 

Emergency 



I 

- 
)ulldlnp 

No. 

- 
771 

- 
7 f l S  

II1-TUN 

I 

OllpOliUO~ Of 
llquld We818 

pmC888 Wal l8  
I h 8 )  

Wehut Creek. 
Orlginal Solar 
Ponds. Outlet 

(prevlwsly P m  

provloualy Pond 

S l o w  995, Pond I 

a). pond 8-2 

(25) 
3) (20): storage 

. .  
Other RadlOnUclld88 

Curlurn repmosssing. 
' Neptunlum and Cerium usage - 
d u m ,  nepbmlum, and c~rlum 
used as tracers. NeplunlUm 
used In u r e n h  end plulonlm 
(1.4.5) Amerldum recovery 
oparaUons began tn 1957. 
Plutonlum recovery. 
puflcation. end componenl 
manufecbninp operallonr 
begen In 1953. Plutonhnn 
recovery operehns may have 
been wnleminated with IriUum. 
lnclneretor used for Pu 
rewvety from 1958 throuuh 
1988. Few khgrems of 
natural Umrlum were used in 
spedal pmlecta. (1) Laundry 
operation were located In the 
W comer d the building. (2) 

8-10 



)ulldlnp 
No. 

- 
714 

rabie TA-6.1 
Bulldlnp 

DIICrlplIOn 

Uquld Waste 
rrsabnanl Plan1 - 
771 PMonkn 

Ope 

Umnlum Usage and Potenllal Contamlnallon at RFETS 

barn mleaardCommentl could have bean of Uquld Waalea Radlologlc llquld waala 
Uranlum (U) Uaapa Prlmay Form of U. that could have Saconday Form of U I h l l  Operallon 81u: Volume Openllon 81x0: DlapoalUon of 

raleaardCommenla AcUvlly In (proceaa waab 
Llqulda ilnra) 

Treatment ol redloecUve wasla Uaough pH AguSaD - DU and EU; P h a d l y  nlMC Treated aqwwswasle 9.OE-11 Io 1.OE-S OllgInalSolar 
adjualmsnl pcalpilallon. vaanm IlllreUon and add aotuUw. Uqdds medlng lrsnsfen of 12.250 Io Curlwl and 200 lo EvamUon 
evsPwa(l0n. (1) Tree(menl ol oganlcvia8las acmptenw crilsrfa WEN rhlpped lo 2DBJM) gallons per 22,WO dhl lotel Ponds. OUIlal 
(TCE lhen TCA) mntllnlng enriched U. (1) U-235 374 or Solar EvaporaUon Ponds. month lo OiigInal Soler alphe lo Odglnal bebw 885. Fund I 
and U-238 ureaenl In MBA for aqueous and Mardr 1972 appmrdmately 600 pallons EvsporaUon Ponds Solar Evaporalton 2 (pravlwsly Pom 
or~snle was@ beebnent (14) 1865 -1968. and b e h e n  December 1953 Ponds; 1.2E-10 to y (ZO), Sanllary. 
1973 - 1883. U-233 wan mosl likely present In and April 1880: 14.300 IO 3.1~-10 M a a n  lo ament w a r  

74.500 gallons per month the Outlet below EvaporaUon Pond 
l o O W ~ l b e l a V 9 9 5  995; 1.1E-lOlo 207A~nd207C 

774. (15) 

from October 1953 lo 7.5L10 Curled ' (25) 
Seolember 1954: 10.625 and 250 lo 1.W 

of pluronlum weate (appordmataly 
350,000 d m l )  released fmn 774 
bnkr. (4) 

Plant RCA Tank 
( n ~  oi n 4 n  

lo 242,450 gallons par dm\ll lotel alpha lo 
month lo  Pond E 2  from Pond E 2  (20): 
April1955 lhmuph April 400 lo 4.OE-2 
1984 (20): between dhWl lotel alpha lo 
December 22. I980 and Senilery. and 1.OE 
June 3.1991. lransfen 04 lo 8.48104 
ran!#ng between 9,000 dlmn blel alpha 
and 1 a . m  pallma lo and 8.4EO4 IO 
Sanitary. and 8PM) lo l.lE108 lold bela 
16.000 palms lo Solar lo the Solar 
EvaporaUon Pond 207A EvapwaUon Pondr 
and 207C (25) (25) 

- 
7740 

. 
. 

waste Treabnent 
Plant Nan RCA 

( n ~  01 n47) 

ra~aasas from OFWL between 
774 and 4oM100 area#. IHSS 
147.1. 0% plpeline b e h a n  
774 and Solar Evapomli~ 
Ponds leaked In 711)o. IHSS 149. 
(8) 

kganic lOlulbns - TCE and 
CAwihDUandEU 
'artlwlale - June 1984 
@od0n h a QlOWbox 
awlted In mlaeao of prulonlum 
> h e  lnbrbr and soma to the 

UOQng. (4) 1865 explodon 
nd aontsmhatkn lnddent a1 
hlp wa!jhlng opsrshs. 1985 
ontsmlnatlon hwn a PMWJum 
re Inddenl. 1969 malor Ilia In 
76 nnd 777. (21) TRU 
rpanlc werlar wore 
ansfwed lo 774 for 
blrnilicsllon. 

fledor of lb MrVl dde Of 

queoua - asld end cautuc ~oluuons 
U and EU 

Aqueous kensfen from 7.8E-11 lo 1.7E-01 
9,300 lo 134,100 gallons CurleSn ond 200 h 
lo OdpInal Solar 3700 dmn lolel 
EvaporaUon PmdS fmm abh0 to (he Sale4 
Sepbmber 1857 lhmugh Evaporation 
July 1881: 19.000 lo Ponds; 7.OE-11 l o  

E 2  (20): 8400 lo 38.000 and 200 lo 2,000 
p a h a  lo 774 fmn AprU dm\ll loU alpha IC 
1883 D September 1883: Wnd 0-2 (20); (rn 
T m f m  of organic and adMUss ldenwlsd 
lOlYen1 waste: 4 0 0 0  for 1983) (25) 
gal lw (25) 

542,400 gallms lo Pond 8.4E-10 curlsd 

Solar Evaporah 
Ponds; Pond 6-2 
[previously Pond 
3): Aqvsare and 
rganlc to n4 (25) 

PlutMlum research and 1857 12182 
pr0ducUm aclivllles. Waste 
manapemen1 eccMUes. including 
aka rsdudon. may have 
panerated small quanlilbs from 
any radldoplcel area onslle. 

proceases wnlatned amsrldum. 
plulonlum MUw. 3 abandoned 
O M  tenb easl of 774. IHSS 
124.1. 124.2. 124.5. O W  
pipeline belwesn 774 end 995 
broken durlng mnsbucllon 
SdMUes near 774. IHSS 127. 6 
removed p m ~ e ~  wasla tenb 

IHS9 146.1-148.6. MulU~ia 
benaeth mu, wing of 774. 

776 Mendectdnp 1957-1988 Produd assembly end disesrembly 
end Utilitiee Low lmluded U aomoonenb. 1887 lo 1988 U- 

e 



, 

- 
865 RLD for U melzhnddw procanres lnciudlng Aqueous - DU and EU. nihc add 

CaSanO. mSlenoOraph~ (Irmudtng nlblc add etch). u $ d  for chsmlc.al etchlnp. Liquid 
grll blosling. (1) Mer 1972. U-238 present in mulea ware Irenrferred lhragh 
M W  for ms(e0urpy end pmduclkn conlml. (14) 0% hen m e n 1  pmcsss wash 

IheS IO BulldhS 374 md 774 fM 

Translam ranglnp from 2.7EW lo 
1.700 lo 3,000 gallons lo 3.OEW dlM told 
M a r  EvsporaUm Pond 
207A; 2.000 gallon EvapaaUon Pond 
Iramfem lo 774 for 207& 3.2EW IO 
tnrahml fmm December 3.4EW dfM told 
22.1980 Vuough June 3. alpha to 774 fof 
1981 (25) lroabnenl 

alpha to Solar 

hatmsnl(l7) 

I 

886 P W 8 r  W8SlO RSCSlVsS we818 fm 8885 end 889 Ag~~ews - DU and EU 
Tre~fer8885 lndudlne deplslsd U. 

EweslOl8885) 
887 Filler Planum HEPA!illreUon d buildlng e h n l  ab Psr(icula1e 

zone1 I I I I I 
FUta AonM1 HEPA PlraUon d kdldlw cdiluenl sb Pemcu(ale 
(east d Bees) 

zone2 

8888 Zone 1 

8883 Zone 1 

875 Filler Planum HEPA fdlrellon Of building Muanl alr. Filler 

879 Flller Plemm HEPA fdhtkm d buadlng eflluenl eir ParUculate 

880 Slora@e Shed Shed radbadiveJy conlandnoled wan10 and Pa&u!nle -.EU and DU; lnlerlor 
malda)s usad for audlea In 888 (13) 

ParUadab - EU and DU; hlgh 
omlandnalion areas (HCA) (13) Plenum bullding for 888 (1) 

mnlalns mntarnlnaUon areas (CAS) 
(131 

DlapoalUon of Mhrr Radlonuclldrr 
llquld warlr 

(prncars wiate 
Ilnrr) 

I 

1988 



~ ~~ 

able TA-6-1 

OaiwlpUon brm nlesaedlCommenla could have b a m  of Uquld Wasbs 

Uranlum Usage and Potantlal Contamlnatlon at RFETS 
Bulldlng Unnlum (U) Uaage Prlmary Form of U. (ha1 could have Secondary Form of U lhal Opanllon 9110: Volume 

ralraasdlCommsnIa 

~ossmbty iesaiwm Produd a u s m ~ y  tndudhg enriched ~guears - ou end EU 
Buildhg U crmponenb. 1958 -1880 Dlscuwmbly of Site 

PbIMMLar Ralumr I n d m  avkhed end depleled U 
MenMadw!ng components ( 1 , ~ )  1968 %I taundvfedlity 

Ops began operaknt In 777. (2) Affsr 1872. U-235 
prsssnl In MBAs lor syslenr, development RhD 

wueoua pnxasdqt. NOT. and conlelnsr slorega 
U-238 present In MBAs for sy8lerna davslopmenl 
physloal melsWrgy, NOT. )oInliy Ischnokgy. 
welhgs. malal fabc*a(bn. dbeubmbly, reddun 
lreelmsnl apedel ausmbly. end vaull olmge. 
(14) 196s -1868. and 1977 - 1885. U233 premen 
In MBA. fw esssmbly. end dlsesrembly. RhD 
PBIWMBI usad hot plaleB w smII muffle fumsee 
lo km mmbuilbk WSrN CCilbmlOd tdlh U 

Organlc soluUom - DU end lnduded In 778 transfer 
EU. TRU orpanlo wastes were dedpllon 
lrensfemd lo 774 for 

lab citemisby - mbl. dbaambly. l a w  f u h .  

233. (is. le) 

S e w b I  Leundry remalnkg (mn en(ched U oppreuMs h 
Ccnbmlnaled Bel ware laundered In 778 In MW-iDeos. In 197t 
bmg Laundry bogan cleanby burdry for anurs s11e. (1) 

OlrpoilUon of 
llquld wasla 

(procera W l i h  
Ilnra) 

f 

SOOdllkalbn. 

hquenn - phsrUy OU. DU and EU PeNCUIala - llnl from dryers Transfers from 1850 lo 
22,000 ganons from 
December 22.1980 
lhmuoh June 3.1981 

Olher Radlonuclldea 

son\e disassembled parts of 
weepon romponenla ere 
prmssed vla nwllen sell 
exlrectlon lo remove americlw. 
TrlUum generlng syelem. Olher 
radbnudldes Include plulonlum. 
lhorlum In small quanllUes. (1) 

78-7e2 TUIMIEI - Padlculele 
OEMWSHED 
Met@ slorene 
Ccmpressw 
BuUdlng - 771 

[Hellum Pumps) 

iolar EveporeUon 
Pond 207C (25) 

DperaUon Nu: 
Radlologlc 
AcUvlly In 

Uqulda 

1958 became laundry fadlily for 
plulonlum related operellons. (1) 

7E-02 lo 
OE*OO dlml lola 
pha (25) ' 

Some dlaesMmblOd parlo of 
mapon cunponenls ere 
processed vle mollan sell 
extractlon IO remove enierictum. 
Olher redlonucltdes Include 
emeklum. cobell. plulonlwn. 
slmnUum. thorium In small 
quanlilies. and UUum . 
conbmlnalion fmm hydrldlng 
operallons. (1.11) 

OPWL 
Ins I a I I e d 

(P~P~wI(B)  

1957 

1957 

OPWL 
9 band o n e d 
IP~P~~cII (61 

iomz 

I978 

A P ~ I  15.2001 . .  8-12 



Bulldlng 
No. 

883 

Table TA-8.1 Uranlum Usage and Potentlal Contamlnatlon at RFETS 
Bulldlng Uranlum (U) Uaage Prlmay Form of U, thal could have Saconday Form of U thal Opsratlon Slze: Volums OprmUon Slu: 

Deacrlptlon bun ~ l e r ~ a d /  Comment8 could have basn of Uquld Wnatea Rndlologlc 
rsleasodlCommmla AcUvlIy In 

Ltqulda 

1.9E.a lo 3.BE-07 
deanha waa dlscontinued. and waste ranalnn from 700 lo Cudedl low aloha 

U RomnO end ROalng and fmntw operalion8 fw EU from 1957- A q u e o ~  - plmaruY OU. prlmsnty nibk TCE and PCE 8olvenl use for Transfers of aqueous 
Fmninn Facllitv 1966. end mmnu end forminn mret ims for DU add sdvtions. Uauld wastes were 

I or &a was6 ptplng I 

885C Coolhg Tower 
8883 - 4.000 

TOM 
884 Warehause - 

Low Csvd Wasb 
RCRA Unlt 13 

886 Nudeer Safety 
CdUc@ty Lab 

. 

887 Savage 6 
Pmces. waate 

Ufl Slalion 

EvapreUon Pond 207A 
from February& IB81 
thmwh December 23. 

fmm 1957 lo leis. Thaw &r;u(ecturing rap& ~ l t h  oakiie in is& or 11,324 gai& io me 
operetions bzludad caeUng. cleenkg, and heating current process wasla llnes lo  BulldIng 198s. Uae of frem and other OrigInal Sdar 
of the U. (t2.17) Nil& add pkkllng pmcessas. 774 for bealment(17) CFCS was dlswnlinued In Evaporellon Pondr from alpha lo the 
Menulmdured depleted U calodmeter plates, and 1988. Spent nllrlc add April 1057 through Orlglnel Solar 
M a r  depleted U pmduds 8s spedal pro]&. (1) soluUonS with pH 1-2, water September 1863 (20); 850 EvaporaUon 
In 1877 and 1888. U-235 present In MBA for metel . from quench tanb. and olhar Io 700 gallons lo the Ponds; l.lE*03 lo  
febhtbn  - mslng. W38 p r ~ ~ n t  br MBAs for mutine bvlldlng operaliona current Solar Evaporallon 2.1Ew3 dlnvl tola 
metal IaMcaUon - mlng. end alaqe.  (14) lyS mntelned enriched and alpha to the 
-1888. U-233 was most llkety proaent In 883. depleted U. (2) Spent gallons to 774 for current Solar 
R6D perwnnel usad hot plates or small mullla. deanlng (dagreaslng) wtutions bealmsnl from LIe-camlmr EvapwaUon 

with U.253. (IS) . BUlMng 774 for Mlldilic8WI. lWl(25) 1.2E108 dlmn lolal 
(17) Perllculate-EU 
combustible waate Indneraled. lreabnenl 
111) 

trmerrsd through OM. lhen and 42.200 to ' 
888.000 dlm4 totel 

. Ponds: 300 to 1,300 

furnecas lo bum combwllble waslo contemlnaled dNuminsd snd banalemad lo 22.1080 through June 3. Ponds; 1.7E+04 lo 

alpha lo 774 for 

None unlsu mntemlnaled Wwgh e& rebaasea 
fmm other souma or w*amwvar tn ~ u ~ d t n g  
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Classification Exemption CEX-I 05-01 

LIST OF ACRONYMS AND BASIC NOMENCLATURE 

Y(h) 

"C 

OF 

a 

ac 

AED 

AL 

A1 

ALF 

Am 

am 

AME 

aq 

ASD 

atm 

au 

BLUE 

Bq 

BZ 

C 

C 

C 
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Variance at distance h 

Centigrade 

Fahrenheit 

Range of influence 

Acre@) 

Aerodynamic Equivalent Diameter 

Action Levels 

Elemental Aluminum 

Action Level Framework 

Elemental Americium 

Amorphous phase 

Actinide Migration Evaluation 

Aqueous phase 

Analytical Services Division 

Atmospheres used as a unit of pressure measurement 

Atomic Unit 

Best Linear Unbiased Estimator 

Becquerel( s) 

Buffer Zone 

Spherical component 

Elemental Carbon 

Crystalline phase 

i 



! 
Ca ‘ 

ccc 
CCR 

CDPHE 

CERCLA 

CFR 

cfs 

Ci/L 

cdsec  

cm2 

co 
c o  

COC 

COL 

COMRAD 

csu 
CUHP 

D&D 

d 

Da 

DFB 

DFE 

DFO 

DNA 
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Elemental Calcium 

Colorado Climate Center 

Colorado Code of Regulations 

Colorado Department of Public Health and Environment 

Comprehensive Environmental Response, Compensation and Liability Act 

Code of Federal Regulations 

Cubic meters per second 

Curie(s) per Liter 

Centimeter(s) per second 

Centimeter(s) squared 

Colorado 

Nugget effect 

Colloidal Organic Carbon 

Colluvium 

Community Radiation Monitoring 

Colorado State University 

Colorado Urban Hydrograph Procedure 

Decommission and Demolish 

Day@) 

Dalton( s) 

Desfemoxamine B 

Desfemoxamine E 

Desfemoxamine 0 

Deoxyribonucleic Acid 
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DNAPL 

DOE 

dp/dm 

DQO 

DMRB 

E 

EDDIE 

EDE 

EDTA 

EG&G 

Eh 

EP 

EPA 

ERAMS 

F 

Fe 

ft 

ft2 

FY 

g 

GIS 

GS 

GTS 

GW 
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Dense, Non-Aqueous Phase Liquids 

United States Department of Energy 

Particle Diameter to Media Diameter 

Data Quality Objectives 

Dissimilatory Metal-Reducing Bacteria 

1 E 4 6  is equivalent to 1 x lo6 (Scientific Notation) 

Environmental Data Dynamic Information Exchange 

Effective Dose Equivalent 

Ethylene Diamine Tetraacetic Acid 

EG&G, Inc. formerly Edgerton, Germeshausen and Grier, Inc. 

Reduction-Oxidation Potential expressed in volts 

Erosion Potential of the total suspended particulate (TSP) 

Environmental Protection Agency 

Environmental Radiation Ambient Monitoring System 

Elemental Fluorine 

Elemental Iron 

Foot or Feet 

Foot or Feet squared 

Fiscal Year 

-6) 
Geographic Information Systems 

Gaging Station 

Grimsel Test Site 

Groundwater 

iii 



H 

ha 

HEC-6T 

HEPA 

HMP 

HPGe 

HRR 

HVOL 

HYDRAQL 

IA 

IAG 

ICPMS 

IHSS 

IM/IRA 

IMP 

in 

ISC3 

ISCST3 

K 

Kal 

Kaiser-Hill 

KAR 

Kd 

kDa 
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Elemental Hydrogen 

Hectare( s) 

Hydrologic Engineering Center -6T 

High Efficiency Particulate Air 

Hexametaphosphate 

High Purity Germanium 

Historical Release Report 

High-Volume 

Chemical Reaction Model 

Industrial Area 

Interagency Agreement 

Inductively Coupled PlasmaMass Spectrometry 

Indwidual Hazardous Substance Site 

Interim MeasureAnterim Remedial Action 

Integrated Monitoring Plan 

Inch(es) 

Industrial Source Complex 

Industrial Source Complex Short-Tern 

Elemental Potassium 

Arapahoe Formation geologic map unit 

Kaiser-Hill Company, LLC 

Unweathered, undifferentiated Arapahoebramie Formation 

Empirical distribution coefficient 

Kilodal ton( s) 
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L 

LANL, 

LHSU 

Lower Flow System 

LPS 

m 

M 

m / S  

d y r  

m2 

m3 

m3/s 

MBq 

MCL 

MDA 

MEPAS 

meq/L 

Mg 

m a  
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Kilogram(s) 

Laramie Formation geologic map unit 

Kilometer(s) 

Solubility constant 

Liter(s) 

Los Alamos National Laboratory 

Lower Hydrostratigraphic Unit 

KAR 

Lipopolysaccharides 

Meter( s) 

Molarity, the molar concentration of a solution expressed as 
the number of moles of solute per liter of solution 

Meter(s) per second 

Meter(s) per year 

Meter(s) squared 

Cubic meters 

Meter(s) cubed per second 

Mega-Becquerel 

Maximum Contaminant Level 

Minimum Detected Activities 

Multimedia Environmental Contaminant Assessment System 

Milliequivalent per Liter 

Elemental Magnesium 

Milligram(s) per Liter 

V 



mi 

=QL 

MINTEQA2 

mL 

mm 

Mn 

mrem 

MSL 

mV 

N 

NIA 

NAl3IR 

NaCl 

NASA 

NCDC 

NESHAP 

NFA 

nm 

NOAA 

NP 

Ns 

Nt 

NTA 
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Mile@) 

An applied geochemical speciation model 

An applied geochemical speciation model 

Milliliters or milliliter 

Millimeters or millimeter 

Elemental Manganese 

Mile(s) per hour 

Millirem 

Mean Sea Level 

Millivolt(s) 

Elemental Nitrogen 

Not Applicable 

Department of Energy, Natural and Accelerated Bioremediation 

Sodium chloride 

National Aeronautics and Space Adrmnistration 

National Climate Data Center 

National Emission Standard for Hazardous Air Pollutants 

No Further Action 

Nanometers or nanometer 

National Oceanic and Atmospheric Association 

Elemental Neptunium 

Rate at which particles attach 

Rate at which particles collide 

Nitrilotriacedic Acid 
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NTS 

0 

OPWL 

ou 
PA 

PAC 

pCiL 

PCR 

PGA 

PIC 

PMlO 

POC 

POE 

PPm 

PPRG 

PSA 

Pu 

Qa 

QNQC 

QlS 

Qrf 

Qta 

R 

r 
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Nevada Test Site 

Elemental Oxygen 

Original Process Waste Lines 

Operable Unit 

Protected Area 

Potential Area of Concern 

Picocurie(s) per Liter 

Polymerase Chain Reaction 

y-polyglutamic Acid 

Potential Incident of Concern 

Particle sizes 

Point of Compliance 

Point of Evaluation 

Parts per million 

Preliminary Programmatic Remediation Goals 

Parameter Specific An a1 ytic a1 

Elemental Plutonium 

Recent Alluvium 

Quality Assurance / Quality Control 

Landslide geologic map unit 

Rocky Flats Alluvium geologic map unit 

Terrace Alluvium geologic map unit 

Rejected analytical data 

Ionic radius 
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R2 

Ra 

RAAMP 

RCRA 

RDL 

RFA 

RFCA 

RFETS 

RFI/RI 

RMRS 

RNA 

S 

SCREEN3 

scs 
SEP 

SGW 

Si 

SID 

Sill 

SQL 

sw 
S W D  

SWMU 
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Regression analysis residual 

Elemental Radium 

Radioactive Ambient Air Monitoring Program 

Resource Conservation and Recovery Act 

Required Detection Limit 

Rocky Flats Alluvium 

Rocky Flats Cleanup Agreement 

Rocky Flats Environmental Technology Site 

RCRA Facility Investigatioflemedial Investigation 

Rocky Mountain Remediation Services 

Ribonucleic Acid 

Solid phase 

Office of Air Quality Planning and Standards, 
Monitoring, and Analysis Division Model 

Soil Conservation Service 

Solar Evaporation Pond 

Shallow Groundwater 

Elemental Silicon 

South Interceptor Ditch 

c,+ c 
Structured Query Language 

Surface water 

Soil and Water Database 

Solid Waste Management Unit 
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SWWB 

t112 

TA 

TDS 

TFF 

Th 

TIMS 

TIN 

TSP 

TSS 

U 

UBC 

UHSU 

Upper Flow System 

USDA 

USGS 

V 

VFA 

W 

WATEQ3 

WATEQ4F 

wcs 
WEPP 

WIPP 
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Site-Wide Water Balance 

Half-life 

Technical Appendix 

Total Dissolved Solids 

Tangential-Flow Filtration 

Elemental Thorium 

Thermal Ionization Mass Spectrometry 

Triangular Integrated Networks 

Total Suspended Particulate 

Total Suspended Solids 

Elemental Uranium 

Underground Building Contamination 

Upper Hydrostratigraphic Unit 

RFA+VFA+COL+WCS 

United States Department of Agriculture 

United States Geological Survey 

Validated data 

Valley-Fill Alluvium 

Colloid suspension stability 

Chemical Reaction Model 

Chemical Reaction Model 

Weathered Claystone of upper ArapahoeLaramie Formations 

Water Erosion Predxtion Project 

Waste Isolation Pilot Plant 
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, 

,wwE 
WWTP 

WY 

XANES, EXAFS 

X P S  

Y 

Z 

d r  

ZTS 
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Wright Water Engineers, Inc. 

Wastewater Treatment Plant 

Water Year 

X-ray Absorption Spectroscopy, 
Extended X-ray Absorption Fine Structure 

X-ray Photoelectron Spectroscopy 

Year(s) 

Formal charge 

Ratio 

Zero Tension Sampler 

Gaussian distribution 

Standard Deviation 

Efficiency factor 

Collector Efficiency is the rate at which the particle/colloid collides with 
the surface divided by the rate at which the particle/colloid travels towards 
the surface 

Microgram( s) per Liter 

X 
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Actinide Migration Evaluation 
Pathway Report 

Rocky Flats Basemap 

EXPLANATION 
0 Walnut Creek Drainage Basin 

0 Woman Creek Drainage Basin 

A Walnut Creek Basin Gaging Station 

A Woman Creek Basin Gaging Station 
(GSO1, GS31& SW027) 

N Drainage Basin Boundan/ 

N Industrial Area Boundary 
Standard Map Features 
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Figure TA-1-7 

Actinide Migration Evaluation 
Pathway Report 

Rocky Flats Soils Map 
with 

Hydraulic Conductivity Measurement 
and Soil Sampling Locations 
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Figure TA-1-8 
Actinide Migration Evaluation 

Pathway Report 
Geologic Units at Rocky Flats 
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Actinide Migration Evaluation 
Pathway Report 
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Groundwater Monitoring Well 
N Water Level Contour 
,'v' Dashed where inferred 
N Intermediate Water Level Contour 
;\; Dashed where inferred 
N Foundation Drain and Elevation 
0 Approximate extent of Unsaturated Area 
c] Area without Groundwater Elevation Data 

Standard Map Features 
0 BulYlrgs EL oihm SINCNI~S 

W a r  svspotsrion ponds 

IAknaandImKl. 

Suaanm dlahsl. 01 orhsr 
drainage fssruru 

,"I Femes and arhm barrlsn 

,,, canmr. 120' Inm,val.) 

R d '  

;i Rooky Ram bunda~y 

DATA SOURCE EASE FEA TURES: 
Buildings, fences, hydrography. roads and othar 
structures from 1994 eerisl fly-over data 
wpturedby EGBIG RSL, Las &gas 
Digitized fmm the orthophomgmphs 1/95 

Scale - 1 :21330 
1 inch mpraesntsapprorlmstely 1778 feat 

t w o *  

S 1 m  Phna C-dburs R o w b n  
Cdomdo Cemral Zms 

Daeum: NAD27 

UynCorp ... ... .. ... I .... e. 



Figure TA-1-12 

Actinide Migration Evaluation 
Pathway Report 

Mqjor Ion Concentrations 
in UHSU Groundwater 

for 
Rock Creek Flow Path 
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Figure TA-1-13 

Actinide Migration Evaluation 
Pathway Report 

Mqior Ion Concentrations 
in UHSU Groundwater 

for 
Industrial Area Flow Path 

EXPLANATION 
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Figure TA-1-14 

Actinide Migration Evaluation 
Pathway Report 

Mqior Ion Concentrations 
in UHSU Groundwater 

for 
Woman Creek Flow Path 

EXPLANATION 
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Figure TA-1-15 

Actinide Migration Evaluation 
Pathway Report 

Maor Ion Concentrations 
in UHSU Groundwater 

for 
Southern Flow Path 
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Figure TA-2-1 

Actinide Migration Evaluation 
Pathway Report 

Actinide Sources - Entire Site 

Actinide Sources 
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Figure TA-2-2 

Actinide Migration Evaluation 
Pathway Report 

Actinide Sources - Industrial Area 
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been removed. 
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N Drainage Basin Boundary 
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Figure TA-2-3 

Actinide Migration Evaluation 
Pathway Report 
Pu-2391240 Activity 

in Surface Soils 
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Value < Tier II value 
(Color indicates range of activity 
shown in the histogram abova) 

Tier II value < = Value < Tier I value 
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Actinide Migration Evaluation 
Pathway Report 

in Surface Soils 
Am-241 Activity 

EXPLANATION 
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shown in the histogram above.) 
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Figure TA-2-5 

Actinide Migration Evaluation 
Pathway Report 

in Surface Soils 
U-2331234 Activity 

EXPLANATION 
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shown in the histogram above.) 
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Actinide Migration Evaluation 
Pathway Report 

U-235 Activity 
in Surface Soils 

EXPLANATION 

Value < Tier II value 
(Color indicates range of activity 
shown in the histogram above.) 

Tier II value < = Value < Tier I value 
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Figure TA-2-7 

Actinide Migration Evaluation 
Pathway Report 

in Surface! Soils 
U-238 Activity 

EXPLANATION 

Value < Tier I1 value 
(Color indicates range of activity 
shown in the histogram abova) 
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Figure TA-2-10 

Actinide Migration Evaluation 
Pathway Report 
U-2331234 Activity 

in Surface Soils 
Kriging Analysis Isoplot (pCilg) 

EXPLANATION 
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Figure TA-2-12 

ictinide Migration Evaluation 
Pathway Report 
U-238 Activity 
in Surface Soils 

Kriging Analysis Isoplot (pcilg) 

EXPLANATION 
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Actinide Migration Evaluation 
Pathway Report 

in Subsurface Soils 
Depth : > 10 fc 

Pu-2391240 Activity 

EXPLANATION 

Value < Tier II value 
(Color indicates range of activity 
shown in the histogram above.) 

Tier I1 value < = Value < Tier I value 

Value > = Tier I value 

N Drainage Basin Boundan/ 

A Walnut Creek Basin Gaging Station 

A Woman Creek Basin Gaging Station 

Standard Map Features 

(GS03, GS08, GS10, GSl l  & SW093) 

(GSO1, GS31& SW027) 

0 Buildings and othar mtructuro6 0 bkarand 

drainago faauras -- Rocky f lau boundary - h a d  mads 

MTA GOL%'CEEAGEFEAlURES: 

straamc. dR::, or ocher 

BuHdlngq Isnear, h&rSpmC ma& andother 
i y u c l w ~  fmm t994 aerlal f&awrdara 
caprured OIgiQhdfmm by EGaG rho onhaphamwpha RSL. h *OM. M95 

A M W C ~ I  Dam Invn SWD as of Osmber 1oM 

Dam Anahis  parfamadby WQhl  Warer~inaem /30348&t7001. 



Figure TA-2-24 

Actinide Migration Evaluation 
Pathway Report 
in Am-241 Subsurface Activity Soils 

Depth : 0.5 - 2 ft 

EXPLANATION 

215 pa'g 

Value < Tier II value 
(Color indicates range of activity 
shown in the histogram abova) 

Tier II value < = Value < Tier I value 

Value > = Tier I value 

N '  Drainage Basin Boundary 

A Walnut Creek Basin Gaging Station 

A Woman Creek Basin Gaging Station 

Standard Map Features 

(GS03, GS08, GS10, G S l l  & SW093) 

(GSO1, GS31& SW027) 

0 Buildings and other structures 
0 lakes and ponds - Straanu. ditchas. or other 

drainage taatures -- - Rocky RMdmads Flats boundary 

M TA SOURCE MSE F E A N R m  
BLdMlng.. tencar. r*msorapnx ma& d o &  
~ou~flusafmm c a p n r a d b y E ~ G R S L , l n  1994asrlslftpnerdsrs Wwa 
n@h&ed fmm the onhophomrvephz im 

A n W a f  Dam hM, SWD 8s ot Ocmbar Zaaa 

Dsrs AnahekparrMnedby W h t  Warerar(glnwm /3M-48Oi?oM. 

- I  +I.- 



i 

Figure TA-2-25 
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Figure TA-2-28 

Actinide Migration Evaluation 
Pathway Report 
in Am-241 Subsurface Activity Soils 

Depth : 8 - 10 ft 

EXPLANATION 

Value < Tier I1 value 
(Color indicates range of activity 
shown in the histogram abova) 

Tier I1 value < = Value < Tier I value 

* Value > = Tier I value 

N Drainage Basin Boundan/ 

A Walnut Creek Basin Gaging Station 

A Woman Creek Basin Gaging Station 

Standard Map Features 

(GS03, GS08, GS10, GS11& SW093) 

(GSO1, GS31& SW027) 

0 Buildings and other structurns 0 bkms Strsam. halnagn and featurns d ponds tches. or other 

-- Rocky Flap boundary - PNsdmds 

MTA EOURcfM6EFEANRES: 
W M ~  tencsr. h m r a t h y  ma& andother 



Figure TA-2-29 

Lctinide Migration Evaluation 
Pathway Report 

Am-241 Activity 
in Subsurface Soils 

Depth : > 10 ft 

EXPLANATION 

Number of Samprer 
0 50 100 150 a01 

Value < Tier II value 
(Color indicates range of activity 
shown in the histogram above.) 

Tier II value < = Value < Tier I value 

Value > = Tier I value 

N Drainage Basin Boundary 

A Walnut Creek Basin Gaging Station 

A Woman Creek Basin Gaging Station 

Standard Map Features 

(GS03, GS08, GS10, G S l l &  SW093) 

(GSO1, GS31& SWO27) 

0 Buildings and other struotures 
bkes ind  
Streams, ,Po,”,”,:, or ocher 
drainage features 

mcorp ...... ..e....... 



,.--<\ ' 

S d e  - 1': 21330 ' 
1 inoh reprosants approximatsly 1778 fwt 

l-Ok 

Stdto #.no Coordlnato hissdon . 
Colorado Central ZOM 

Datum: NADI? 
. t -  

. .  

Figure TA-2-30 
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Figure TA-2-36 
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Figure TA-2-38 

Lctinide Migration Evaluation 
Pathway Report 

in Subsurface Soils 
U-235 Activity 
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Figure TA-2-39 

dMde Migration Evaluation 
Pathway Report 
U-235 Activity 

in Subsurface Soils 

Depth : 6 - 8 ft 
EXPLANATION 

; 0 '  

Value < Tier I t  value 
(Color indicates range of activity 
shown in the histogram abova) 

Tier I I  value < = Value < Tier I value 

Value > = Tier I value 

N Drainage Basin Boundan/ 

A Walnut Creek Basin Gaging Station 

A Woman Creek Basm Gaging Station 

0 Standard Building. Map and othsrsnuctures Features 

(GS03. GS08, GS10, GS11& SW093) 

(GSO1. GS31& SW027) 



Figure TA-240 

Lctinide Migration Evaluation 
Pathway Report 

in Subsurface Soils 
U-235 Activity 
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Actinide Migration Evaluation 
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Figure TA-2-43 
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Figure TA-2-44 
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Figure TA-2-48 
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Figure TA-2-49 

hctinide Migration Evaluation 
Pathway Report 

Am-241 Activity 
in Sediments 

EXPLANATION 

Value < Tier II value 
(Color indicates range of activity 
shown in the histogram abova) 

Tier II value < = Value < Tier I value 

Value > = Tier I value 

N Drainage Basin Boundan/ 

A Walnut Creek Basin Gaging Station 

A Woman Creek Basin Gaging Station 

Standard Map Festurao 
0 Building. and other sVWturns 
0 - M a s  Stream. and ditches. ponds or other 

hainago featuror 

-- Rookv Flats boundary - Rvsdmads 

OlTA b o ( l f f c f M 8 E F E A l W ~  

(GS03, GS08, GS10, G S l l  &I SW093) 

(GSO1, GS31& SW027) 

&WhUw#. .mww tamas, lrwn 1 9 9 4 a m i a l I ~ d a l a  hbtkumphn ma& .nd& 

ANlydcs)Dam O @ h i z e d f m m 1 I ~ M ~ 1 / 9 6  lkwn SWD n ot Oembar 1W 
caprunrdby E G M  RSL. l n  We6 

Daw AMI)& prWnhsdby ClhQht l#W ErplhsM 13a3JBD17mI. 

mcorp ... ... .. .I ........ 



TA-2-50 

Actinide Migration Evaluation 
Pathway Report 

in Sediments 
U-2331234 Activity 

EXPLANATION 

Value < Tier I1 value 
(Color indicates range of activity 
shown in the histogram abova) 

Tier II value < = Value < Tier I value 

Value > = Tier I value 

N Drainags Basin Boundan/ 

A Walnut Creek Basin Gaging Station 

A Woman Creek Basin Gaging Station 

0 Standard Buildings Map and other Fsatwss atrmturni 

( G S 0 3 ,  GS08, G S 1 0 ,  G S l l  & SW093) 

( G S O l , G S 3 1 &  SW0271 

0 bkmr Stream. and d K % ,  or 0 t h  

-- Rocky flaa boundary - Rvndwds 

M T A  SOlJRSBI6EEFEd?VREs' 

drdNg0 h W m S  

EuUdm tanem, hwh#& kwh andother 
KDVC~WM fmm 1 9 9 4 d a l  ttpoter dam 
capunadbv EGaQ RSL. Lss 1686% 
O&hbd tmm ths &Ffmmprsph 1/96 

A n a W  Dam Imm SWD as of ormbsr 1OOO. 

h m A ~ f ~ & p a ? t ~ f ~ ? ~ . ~ d b v W h i  WarerEn#bmsnm4i?sl7mJ. 



Figure TA-2-51 

ictinide Migration Evaluation 
Pathway Report 

in Sediments 
U-235 Activity 

Value < Tier II value 
(Color indicates range of activity 
shown in the histogram above.) 

Tier I I  value < = Value < Tier I value 

Value > = Tier I value 

N Drainage Basin Boundan/ 

Walnut Creek Basin Gaging Station 
(GS03, GS08, GS10, GS11& SW033) 

A Woman Creek Basin Gaging Station 
(GSO1, GS3181 SW027) 

wcorvr 
I. ..... v ......... 



Soale 1 : 21330 
1 lnoh repreaenta approximatsly 1778 feet 

stat0 P ~ M  CoordiMto Prnbction 
Colorado Central Zona 

Datum: NAD17 

Figure TA-2-52 

ctinide Migration Evaluation 
Pathway Report 

U-238 Activity 
in Sediments 

EXPLANATION 

Number of Samples 
0 10 do Bo 80 101 

Value < Tier II value 
(Color indicates range of activity 
shown in the histogram abova) 

Tier II value < = Value < Tier I value 

Value > = Tier I value 

N Drainage Basin Boundan/ 

Walnut Creek Basin Gaging Station 
(GS03, GS08, GSlO, GSl l  & SW093) 

A Woman Creek Basin Gaging Station 
(GS01, GS31& SW027) 



Figure TA-2-53 
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EXPLANATION 
a Gray Arrows: 
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gray arrow. Arrows sized proportionately 
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associated with each arrow is displayed in 
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Actinide Migration Evaluation 
Pathway Report 

Surface Water Actinide Load, 
Water Yield, 

and 
Actinide Concentration Analysis 

Am-241 
1997-1999 

EXPLANATION 
6 Gray Arrows: 

Average annual actinide load (units = pCi) 
from Water Year 1997 - 1999 depicted by 
gray arrow. Arrows sized proportionately 
to size of yield. Where load is vety low, 
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associated with each arrow is displayed in 
the yellow bar chart. 
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F'ig~m TA-2-55 

Actinide Migration Evaluation 
Pathway Report 

SurPace Water Actinide Load, 
Water Yield, 

and 
Actinide Concentration Analysis 

U-2331234 
1997-1999 

EXPLANATION 
6 Gray Arrows: 

Average annual actinide load (units = pCi) 
from Water Year 1997 - 1999 depicted by 
gray arrow. Arrows sized proportionately 
to size of yield. Where load is very low, 
arrow may not be visible. Numeric value 
associated with each arrow is displayed in 
the yellow bar chart. 

Uppar (Yallow) Bar Chart: 

Actinide load (units = pCi) for each Water 
k r  from 1997 - 1999. Average load for 
the 3 years (equal t o  the gray anow value) 
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Actinide Migration Evaluation 
Pathway Report 

Surface Water Actinide Load, 
Water Yield, 

and 
Actinide Concentration Analysis 

U-235 
1997-1999 

MPLAN ATlON 
6 Gray Arrows: 

Average annual actinide load (units = pCi) 
from Water Year 1997 - 1999 depicted by 
gray arrow. Arrows sized proportionately 
to size of yield. Where load is very low, 
arrow may not be visible Numeric value 
associated with each arrow is displayed in 
the yellow bar chart. 

Actinide load (units = pCi) for each Water 
h a r  from 1997 - 1999. Average load for 

Lower (Blue) Bar Chart: 

Displays 2 data sets: 
1) Annual water yields (units = Liters) showr 
as blue bars for each Water Year from 
1997 - 1999. Average yield for the 3 years 
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left side of chart. 
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Figure TA-2-57 

Actinide Migration Evaluation 
Pathway Report 

Surface Water Actinide Load, 
Water Yield, 

and 
Actinide Concentration Analysis 

U-238 
1997-1999 

EXPLANATION 
6 Gray Arrows: 

Average annual actinide load (units = pCi) 
from Water Year 1997 - 1999 depicted by 
gray arrow. Arrows sized proportionately 
to size of yield. Where load is very low, 
arrow may not  be visible. Numeric value 
associated with each arrow is displayed in 
the yellow bar chart. 

Actinide load (units = pCi) for each Water 
b a r  from 1997 - 1999. Average load for 

Lpmr  (Blue) Bar Chart: ' , 

Displays 2 data sets: 
1) Annual water yields (units = Liters) shown 
as blue bars for each Water Year from 
1997 - 1999. Average y ldd for the 3 years 
is rightmost'bar. Vertical axis scale on 
le f t  side of chart. 
2) Average annual actinide concentrations 
(units = pCilL) shown as green bars for 
each Watet Year from 1897 - 1999. Average 
concentration for the 3 years is rightmost 
bar. Vertical axis scale on riaht side of chart. 
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Q y r e  TA-2-61 

Actinide Migration Evaluation 
Pathway Report 
Industrial Area 

Unfiltered UHSU hr-2391240 in 
Groundwater, 1991 - 1999 (Avg.) 
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Figure TA-2-62 

Actinide Migration Evaluation 
Pathway Report 

Unfiltered UHSU Am-241 in 
Groundwater, 1991 - 1999 (A i.) 
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Figure TA-2-63 

Actinide Migration Evaluation 
Pathway Report 
Industrial Area 

Unfiltered UHSU Am-241 in 
Groundwater, 1991 - 1999 (Avg.) 
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Figure TA-264 

Actinide Migration Evaluation 
Pathway Report 

Groundwater, 1991 - 1999 (Avg.) 
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E’igure TA-2-65 

Actinide Migration Evaluation 
Pathway Report 

Industrial Area 
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Figure TA-2-66 

Actinide Migration Evaluation 
Pathway Report 

Filtered m u  u-23s in 
Groundwater, 1991 - 1999 (Avg.) 
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Figure TA-2-67 

Actinide Migration Evaluation 
Pathway Report 
Industrial Area 

Groundwater, 1991 - 1999 (Avg.) 
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Figure TA-2-68 

Actinide Migration Evaluation 
Pathway Report 

Filtered UHSU U-238 in 
Groundwater, 1991 - 1999 (Avg.) 
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Figure TA-2-69 

Actinide Migration Evaluation 
Pathway Report 
Industrial Area 

Groundwater, 1991 - 1999 (Avg.) 
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Figure TA-2-70 
Actinide Migration Evaluation 

Pathway Report 
Ufliltered LHSU Pu-2391240 in 
koundwater, 1991 - 1999 (Avg.) 
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Figure TA-2-71 
Actinide MIgration Evaluation 

Pathway Report 
Untiitered LHSU Am-241 in 

kOUndWater, 1991 - 1999 (Avg.) 
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Figure TA-2-72 
Actinide Migration Evaluation 

Pathway Report 
Filtered LHSU U-2331234 in 

Groundwater, 1991 - 1999 (Avg.) 
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Figure TA-2-73 
Actinide Migration Evaluation 

Pathway Report 
Filtered LHSU U-235 in 

Groundwater, 1991 - 1999 (Avg.) 
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Figure TA-2-74 
Actinide Migration Evaluation 

Pathway Report 
Filtered LHSU U-238 in 

Groundwater, 1991 - 1999 (Avg.) 

U-238 Activity-Concentration 
lpcilLl11991-991 

0-0.77 

81 0 .77 -5  

5-10 

0 10-41.8 
0 41.8-100 
D >loo 

Bodrock Wells 

Background Benchmark = 41.8 pCiR 
Action Level * 0.767 pCiR 

0 Active Actinide Sit0 

0 Under Building Conwrnination WBCI 

a Accepted as Proposed 
No Further Action (NFAI 

0 Pmporad No Funher Action (NFA) 

lnfansd Fault 

Standard Map Featurns 
0 Buildings and other mucturec 

solar Evaporation b n h  (SEW 

lakesandpond. 

drainage faarums 

Fensea and other baniers 

Topographic Contour (20-FootI 

- S u s a ~ .  dirchss. or other 

- 
-- Rocky Flab boundary 

Paved mads 

Din mads 

- - 
-.- 

U.S. b 3 p O K I n E n t  of E M I ~ ~  

Rocky Flsta Environmental Technology Slte 



Permeable Units of the UHSU 

Groundwater Monitoring Well 

- Water Level Contour 
_--_ Dashed whsre inferred 
- Foundation Drain 
- Approximate location of 

Groundwater Basin Divide 
Approximate location of 
Groundwater Subbasin Divide 

0 Approximate extent of UnDaturatod Area 

0 Area without Qroundwatar Elevation Data = S-PS 

t - 
Scab - 1 : 21330 

1 imh repressnta approximately 1778 feet 
'-O* 

61.1s Arne Caoldbuura Robetion 
Cdorado Cemral 2ms 

Datum: NAD17 



Fig~re TA-2-76 

Actinide Migration Evaluation 
Pathway Report 

Industrial Area 
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Permeable Units of the UHSU 
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F'igure TA-2-77 
Actinide Migration Evaluation 

Pathway Report 
Air Sampling Location Map 
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Figure TA-4-3 

Actinide Migration Evaluation 
Pathway Report 

Actinide Sources 
and 

Sample Locations 

Sample Locations 
e Surface soi l  Sample Locations 

O Subsur face  Soil Sample Locations 

Actinide Sources 
0 Active Actinide Site 

N Original Process Waste Line (OPWL) 

N Location of Original Process 
Waste Lines which may have 
been removed. 

I'j New Process Waste Lines 

0 Under Building Contamination (UBC) 

0 Accepted as Proposed 

0 IHSS with subsurface contamination 
but no  validated subsurface data 

No Further Action (NFA) 

Drainage Basins 
N Drainage Basin Boundary 

Walnut Creek Basin Gaging Station 
(GS03, GS08, GS10, GS11 & SW093) 

* Woman Creek Basin Gaging Station 
(GSOl ,  GS31 & SW027) 
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Figure TA-4-4 

Actinide Migration Evaluation 
Pathway Report 

Actinide Sources and 
Pu-2391240 in Surface Soils 

above Background (0.04 pCitg) 

EXPLANATION 
Sample Location. IpCilgl 

0 0.04 < Result c - 0.05 

0 0.05 < Result c - 0.1 

0 0.1 < Result < = 0.5 

0 0.5 C Racult C - 1.0 

0 1.0 < Result C - 5.0 

0 5.0 < Rsrult C - 10.0 

0 10.0 < Raruh < = 100.0 

0 100.0 < R u u h  c - 1000.0 

0 Rssult > 1000.0 

Actinide Sourcaa 
0 &rive Actinida site 

N Original Pmcscc Wacts Line IOPWLI 

N beation of Original Procesc 
Wuca Linai which may haw 
b a n  mmoved. 

M N ~ W  Process WJSb Lines 

0 Under Bullding Concamination IUBC) 

0 Acceptad as Pmpoasd 
No Further Action INFAI 

0 IHSS with ruhurfacs contamination 
but no validated cub-sur(.ce data 

Drainage Eanina 
N Dralnaga Basin Boundary 

Walnut Cmek Barin Oaging Station 
18603, 8S08,OSlO. GS11 & SW083) 

A Woman Creek Barin Gaging Station 
iOSOl,8S31 & SW0271 
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Figure T A 4 5  

Actinide Migration Evaluation 
Pathway Report 

Actinide Sources and 
Pu-2391240 in Surface Soils 

above RFCA Tier II(252.0 pCilg) 

EXPLANATION 
Sample Location. IpCilg) 

v 252.0 < - Result C 1000.0 

%' 1000.0 < - Result C 1429.0 

0 Result > - 1429.0 f l ier  I) 

Actinide Source. 
0 ~ c t i v e  Actinid- site 

N Original Process Waste Line (OPWLI 

N Location of ori inal Prosarc 
Warts Lines w f i sh  MY haw 
b a n  rnmoved. 

N NSW Process wasto Lines 

0 Under Building Contamination IUBCI 

0 Acceptad as Proposed 

0 IHSS with sub-curface -ntlminatlon 
but no valldstsd sub-surface data 

No Funher Action INFA) 

Drainage Banin. 
N Drainage Basin Boundary 

Walnut Crnek 8asm Gaging Sulion 
iGS03.0SOB. OS10,GSll B SW093) 

A Woman Creek Basin Gaging Station 
/QSOl,GS31 & SW0271 
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Figure TA46 

Actinide Migration Evaluation 
Pathway Report 

Actinide Sources and 
Pu-239D40 in Subsurface Soils 
above Background (0.00 pCilg) 

EXPLAN AT1 0 N 
Sample Location. IpCilEl 

0 0.00 < Result c = 0.01 

0 0.01 < Ruult  c = 0.05 

0 0.05 C Result C = 0.1 

0 0.1 < Rssuk < = 0.5 

0 0.5 < Result < - 1.0 

0 1.0 c Result < = 5.0 

0 5.0 < Result C - 10.0 
0 10.0 < Resuit < = 100.0 

0 100.0 < Rssult c = 1000.0 

0 Result > 1000.0 

0 Active Actinide Actinide Site 
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baan removed. 
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0 Under Building Contamination lUBCI 
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Figure T A 4 7  

Actinide Migration Evaluation 
Pathway Report 

Actinide Sources and 
Pu-239I240 in Subsurface Soils 

above RFCA Tier II (252.0 pCilg) 

EXPLANATION 
Sample Locatiom lpCVgl 

l7 252.0 C Rerult C lOOO.0 
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0 Rorult > P 1429.0 ITdr II 

Actinide Swroes 
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b a n  romowd. 
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0 Under Building Contamination lUBCl 

0 Accaptod as Pmpossd 
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Figure TA48 
Actinide Migration Evaluation 

Pathway Report 
Actinide Sources and 
U-238 in Surface Soils 

above Background (1.09 pCilg) 

EXPLANATION 
Sample Locationr (pCi/g) 

0 1.09 < Rssult < - 5.0 

0 5.0 < Rasult < - 108 

0 10.0 < Resuh < = 100.0 

0 100.0 < Rarult < = 1000.0 

0 Result > 1000.0 

Actinide Swrma 
0 ~ccive Actinids Site 

N OMinal c recess Was- Line {OPWLI 

N bcat ion ot Otiginal Pmcasc 
Wasto Line8 which may have 
boon r o m s d .  

:S NOW Pmcsrs wasto Linac 

0 Undar Building Contamination (UEC1 

0 Acceptadas Pmposed 

0 IHSS with cub-curfac. contamination 
but no valldatod w k u r t a c s  data 

No Further Action INFA1 

N Drainage Earin Drainage Boundary Ea&r 

Walnut Crook Earin Baging Station 
(0s03.0so8.Gs10, GS11 & SWOOPI 
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Figure TA-4-9 

Actinide Migration Evaluation 
Pathway Report 

Actinide Sources and 
U-238 in Surface Soils 

above RFCA Tier II (103.0 fllg) 

EXPLANATION 
Sample Locations IpCilBl 

v 1 0 3 . 0  C = Result < 596.0 

0 586.0 c - f ie~uit  c 1000.0 mer I1 

0 Result > - 1 0 0 0 . 0  llier I1 

Actinide Sourws 
0 Active Actinida Site 

N original ~ rocscs  Warto Line IOPWLI 
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Waste Lines wf ioh may have 
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N NOW Prossrs WIS- Lines 

0 Under Building Contamination IUBCI 
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but no validated sub-curhoe data 

No Further Action INFAI 

Drainage Basins 
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Figure TA-410 

Actinide Migration Evaluation 
Pathway Report 

Actinide Sources and 
U-238 in Subsurface Soils 

above Background (0.73 pCilg) 

EXPLANATION 
Sample Location. IpCilgl 

0 0 0.73 1.0 c C Rau l t  Rau l t  c C - = 5.0 1.0 

0 5.0 C R a d t  C - 10.0 

0 10.0 c Result c = 100.0 

0 100.0 c Roruk c - 1000.o 

0 Rorult > 1000.O 
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Actinide Sourcam 
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N h a t i o n  of ori inai Procorn 
Warto boon removed. LiMs wf ich W V  haw 
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0 Undar Building ConUmlnatlon lUBCI 
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but no validated sub-curfano data 

No Further Action lNFAl 

Drainage Basin. 
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A Walnut Cmok Basin Gaging Station 
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A Woman lG601. GS31 Croak 8 Basin SW027I Gaging Station 

Eale - 1 : 10820 
1 inch mprnaonb approximately 902 k a t  

l r + O 3 l t  

6uu R D . M d b m .  R 4 d a  c o w o ~  7.- 
O m :  NAD17 



Figure TA-4-11 

Actinide Migration Evaluation 
Pathway Report 

Actinide Sources and 
U-238 in Subsurface Soils 

above RFCA Tier II (103.0 pCilg) 

EXPLANATION 
Sample Locations ipcilgl 

0 103.0 C = Result C 586.0 

0 588.0 c = Result c 1000.0 mar II  

0 Result > = 1000.0 friar II 

Actinide Sourwso 
0 ~ s t i v o  Actinide site 

N Originat ~ r o c s c c  waste Line (OPWLI 

N Iscation of ori inal ~ m c o r r  
Waste h e n  removed. Llnsc wtlch may have 

N N ~ W  Prooscs Waste Lines 

0 Undar Building Contamination IUBC) 

0 No Acceptad Funher as Action Pmpoand INFA) 

0 IHSS with rub-surbca contamination 
but no validated subsurface data 

N Drainage b s i n  Drainage Boundary Basins 

Walnut Cmak Basin h g i n g  Station 
10503, QbO8. QSIO. QSll & SWOSJI 

A Woman Creek Basin Gaging Station 
IQSOl. QM1 & 6W027I 
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Pu-2391240 
Activity 

in Surface Soil 
(migin# Allalytii..) 

ORaault < - 0.01 

mO.01 c Rcsuk <= 0.05 

00.06 C Raauk < = 0.1 

n o .  1 < b 8 U k  < = 0.5 

0 0 . 5  < Rcsuk < = 1.0 

01.0 < Rasuk < a 5.0 

05.0 < Rsrult < = 10.0 

010.0 < Rcsuk < = 100.0 

0100.0 < Rssult < =  1000.0 

OReault > 1000.0 

I--..- ..__" .-.. 
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pU-239f240 
Activity 

in Sediments 
Result C = 0.0 1 

0 0.01 < Rcsuk < = 0.05 

0 0.05 < Assuk < - 0.1 

0.1 < Re8Uk < = 0.5 

0 0.5 < Rsauit < = 1 .O 

0 1 .O < Raault < = 5.0 

0 5.0 < Rssuk < = 10.0 
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100.0 < Rs6Ult < = 1000.0 

Result > l(300.0 
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ONadarland vary cubbly .sandy 

loam, 8 - 25% 
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Qroundwatsr Monitoring Wall 
N Watar Leva1 Contour 

N Intcrmcdiatc Water Level Contou 

A' Foundation Drain and Elevation 
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, Figure TA-5-3 

Actinide Migration Evalua$ion 
Pathway Report 

Lower Walnut Creek 
(Pu-2391240 Analysis) 

EXPLANATION 
Walnut Crook Basin Oaglng Station 
IGSO3.0608. G S l l .  GS33,QS94,QS35 & 05411 

N Drrmdgo %sin Eoundw 

Standard Map Future. 
Buildings and other structures 
Lakes and ponds 
Streams, ditches, or other 
drainage features 

Topographic Contour (20-Foot) 
Rocky Flats boundary 
Paved roads 

- 

.-. _ _  
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DATA SOUh'CE 6A5p FPATURES: 

hildingr. fences. hpimgraphw roads and other 
structures fmm 1994 aerial ftv-aver data 
saptumd by EG&G RSL. Lu Ug.r 
Oigitizad fmm tho onhophotographa 1/95 

Tbpology lcontoursl warn derived fmm digirelelsvmion 
model IDEM) data Morrison Knudson iMKJ using 
E S R h  I INmd~TTICEtopmcess tho DEMdatato 
create L-fOOl contwrs. The DEM data was capiursd by 
the &mote Sewn# la6 Ira Vag- IW 1994Arial 
Fiyovsr a - 10 morai rasolution OEM pat-pmomsing 
performed by MK. Wnter 1997. 

A ~ . l y r i c d  Dara fmm SWD as of Octobar 1999. 
903 Pad data fmm 903 Drum Srorage Area 
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Sulfate Soil: 

Krigeddata pmvidid b;Jsif Myers fUbrtinghouse - 
Akin. 803502-97471. 
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Vegetation: 
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U-238 
Activity 

in Surface Soil 
EIigiiAnaIYsid 

B x o i  c RCSUI~ c =  0.05 

mRsault = 0.01 

00.05 < Rasuh < = 0.1 

0 0 . 1  C Result C = 0.5 

0 0 . 5  c Result C = 1 .O 

0 1  .O < Reauk < = 5.0 y;.; Reault < = 1; 

010.0 < Result C =  100.0 

0100.0 < Result < = 1000.0 

OResult > 1000.0 

, . - ~  
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U-238 
Activity 

in Sediments 

0 0.01 c R C C U ~  c = 0.05 

Ra6ult < 0.01 

0 0.05 < Result < = 0.1 

0.1 < Ra6ult C 0.5 

00.5 < Result <=  1.0 

0 1.0 < Resuk < = 5.0 
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’ 

0 100.0 < Result < = 1000.0 
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RebLJk > 1000.0 i . 
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Actinide Migration Evaluation 
Pathway Report 

Lower Walnut Creek 
(U-238 Analy~i.) 

EXPLANATION 
Walnut Crook Basin Gaging Station 
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00 .01  c Result < = 0.05 

00.05 < Resuk < = 0.1 

00.1 < Recult < = 0.5 

0 0 . 5  < Result < = 1 .O 

0 1  0 < Result < = 5.0 

0 5 . 0  C Recult < = 10.0 

nlOO.0 < Result C = 1000.0 

Pu-239D40 
Activity 

in Sediments 
a Result < = 0.01 

0 0.01 < Resuk < 
0 0.05 < Result < = 0.1 

0 0.1 < Result < - 0.5 

0 0.5 < Result C = 1 .O 
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Actinide Migration Evaluation 
Pathway Report 

A- and B-Series Ponds 
(Pu-239D40 Analysk) 

EXPLANATION n Walnut ISW091, Crock sw095.0608, k i n  Gaging os10 SIItion & 0611) 

WWTP OWI 

/2/ Drainage Basin Boundarv 

Standard Map Feature. 

Buildings and other structures 
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Streams, ditches, or other 
- drainage features 

Topographic Contour (20-Foot) 
- Rocky Flats boundary 

Paved roads 

_ _  

DATA SOURCE RASE FEATURES: 
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structures from 1994 aerial fti-owr data 
captured by EGSG RSL. Las Vag-. 
Dighized fmm tha orthophotographs 1/95 
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the Ramore Sewn# &b L.s Ugan. h'V 1994 Aerial 
Flyover at - 10 meter resolution DEM past-pmcmsing 
performed by MK, Wntsl1997. 

Arulyrical Data from SWD as o f  October 1999. 
903 Pad data from 903 Drum Swage Area 
Chpracterktion Report. Seprembsr 1999. 
Kriqsddate pmvided by Jeff Myr6 l k t i n g h o u s e  - 

Suriaco Soil: 

Akm. 803-502-97471. 

Actinids IHSS dsra SOUXM: a p p m d  by Mck Demos ISSOC. 

303-966-46061. 

h i e :  The Sanitary Sewer andStDrm Drain systems 
a thosila ora mcluded on tho Actiw IHSS 
list but ere not included on tho map. h a  
i nwgor iona  will bo performad to dotamins 
which portions of These systems willukimnety 
be on the NFA Tut. 

l41 &eration station: map dam provlded by Pn Emi,bmnentd 

Services Ecology Group 

Note: This mepdoe8MTshOW SllFsdsrdn/ 
doskneted warlands. See the 1995 2%~ 
wctlatiidr map propared hv the US. Amy 
Cops o f  Enginears for defineated wetland 
k a t m .  

Soils: Sol& data from rha US Soil Conservation Service. 

Urusrrifiad Golden Area SoilSurwy - 1960. 

t 
1 indl represents Scals approximately E 1 : 18183 15BB feet 

' l R O l R  



U-238 
Activity 

in Surface Soil 
(Krim Andy&) 

WResult < = 0.01 

mO.01 < Result < = 0.06 

0 0 . 0 5  < Resuk < = 0.1 

00.1  < Recult < = 0.5 

0 0 . 5  < Result < = 1 .O 

0 I .O < Reault < = 5.0 

0 5 . 0  < Recult < 10.0 

010.0 < ReeUk < 5 100 

0100.0 < Result < = 1000.0 

ORcsult 5 1000.0 

U-238 
Activity 

in Sediments 
0 Result < = 0.01 

a 0.01 < Resuit < = 0.05 

0 0.05 < Result < = 0.1 

0 0.1 < Result < = 0.5 

0 0.5 < Rsnult < = 1 .O 

0 1 .O < Result < 5.0 

0 5.0 < Recult .C = 10.0 

0 10.0 < Resuk < = 100.0 

0 100.0 < Result < = 1000.0 

0 Result > 1000.0 

Actinide Sources 
'Aativa Actinide Site 

'original Procese waae  Line 

'Location of Original Process 

(OPWLI 

Wade Lineewhioh may have 
been removed. 

'Under Building Contamination 
IURCI 

'Accepted as Proposed 
No Fuithcr Action (NFA) 

OPraposad No Further Action 
(NFAI 

Riparian Woodland 
Leadplant Riparian Shrubland 
Wet MeadowRdarsh Ecotone 
Short Upland Shrubland 
Willow Riparian Shrubland 
Annual Xsric Tallgrass QredForb Prairie Community 

OPondemea Woodland 
ORcclaimcd Mired Grassland 
OMesic Mixed Qrascland 
OSavannah Shrubland 
OTall  Upland Shrubland 
OXaric OShart Needlsand Marsh ' 

Thrsed Graae Prairie 

ODisturbed and Developed Arsae 

OEnglewood clay loam. 0 - 2% 
OEnglewood clay loam, 2 - 5% 
OFlattronr cobblv candy loern, 

OHaveroon loam. 0 - 3% 
0 Leyden-PnmohStendlev cob bly 

clayloame, 15 -50% 
ONedarland very cabbly eandy 

Oroundwater Manitoring Well 
N Water Level Contour 
NDahed  where inferred 
N Interrnediits Water Level Contoui 
!; Dorhed where inforrod 
NFoundation Orair; and Elevation 
0 Approximate extent of 

0 Arm without Groundwater 
Unsaturated Aiea 

Elovation Date 

I 

Figure TA-5-12 

Actinide Migration Evaluation 
Pathway Report 

(u-238 Analysk) 
A- and B-Series Ponds 

EXPLANATION 
Walnut Crook Basin Oaging Station A iswogi. swosa, moa, asio dr osii) 

m WWP oUrt,ll 

N Drainage Basin Boundary 

Standard Map Featurea 

Buildings and other structures 
a Lakes and ponds 

Streams, ditches, or other 
drainage features 

Topographic Contour (IO-Foot) 
Rocky Flats boundary 
Paved roads 

- 

- 
_ _  
- 
MU SOURCE RASE FUTURES: 

Ruildings, fencar. hydrography. mads and other 
structuros from 1994 aarial {/row data 
oaprured hy EG&G RSL. Laa Vega. 
Digitimd from the orthophotographs 1/95 

7bpalogy /contours) were derived fmm di&alelevdon 
model IDEM1 date by Morrison Unudson [MU) wine  
ESW An: TINaM'LATllCEto procasc the DEMdata lo 
create 5-foor conrnurs. The OEM dam WM oaprumd by 
the Ramore Sansing Lab L1B kgaa. IW 1334 Aerial 
Flyaver a? - 10metcrresokrrion DEM paa-pmcssihg 
performed by MK..bMnter 1997. 

Analyticd Data from SWb as of October 1999. 
903 Pad da?a from 903 Drum Storage Area 
CharaoterLstmn & ~ n .  Seoremhr 1999. 

Surface Soil: 

Uiigaddata pmvdad bvJail Mysra l!h4urmghocue - 
Akin. 803-502-97471. 

Sediment: 
Analytical DatalmmSWDesolOctober2WO. 
Data Analysis performed by Wghr Mgter Engiiwera 
l30~48&1?001. 

Actinide Sources: 
IHSS 303-966-4805). dma approved by Mbk Demoa ISSOC. 

hbta: The Sanhary Sewer and Smrm Drainsystems 
sf the sits are included on the Activs IflSS 
lis1 b u r  ore not included on the map. Arm 
invas4erion.s will he purtnnned to dotormine 
which panionn ofrhese tprernr willuklmatnlv 
be on the NFA Itit. 

Ve armion: 
$agnarion map dam provided by 
Services Ecology Gmup 

hbta: ThM mapdoesnotshow allFsdSraliy 
des&nared warlands. Sue thn 1395 Sirs 
wedads map prepared by the US. A m y  
Carps of Engineers for delineated wathnd 
faaturn. 

Enviramnantat 

Soils: 
SoiLs data from rhs USSoil Conaervarion Servica 
Uncertifiad Goldsn Area SoilSurvoy - 1980. 

t 
Scala E 1 : 19193 

1 inch repreuents approxiinately 1599 feet 
'4np I b(10 a o a  

Libto Pbno CbardlMta Probation 
Colorado Central Zona 

Datum: NAD27 

DVnCorp 
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Activity 
in Surface Soil 

h i l l y & )  

00.05 C Result < = 0.1 

00.1 < Result < = 0.5 

0 0 . 5  < Rcsuk c = 1.0 

0 1  .O < Result < = 5.0 

05.0 < Re6uk < = 10.0 

010.0 < Result = 100.0 

OlOO.0 < Result < = 1000.0 

OReault > 1000.0 

... ....- -....--- 
c 

P- 

0 Result > 1000.0 

hr-239n40 
Activity 

m Sediments 
0 Result < = 0.01 

00.01 < Result < = 0.05 

00.05 C Result < = 0.1 

0.1 < Result < 0.5 

0 0.5 < Raault < = 1.0 

0 1 .O < Result < = 5.0 

5.0 < Re6Ult < t 10.0 

0 10.0 c Resuk < = 100.0 

0 100.0 < Result < = 1000.0 

Actinide Sources 
OAetivu Actinide Site 

"ori ins1 
( O P L I  

Process Waste Line 

"LocatIan of Otiuinal Process 
Waste Line6 which may haw 
been removed. 

'Under Building Contamlnation 
IUBCI 

'Acoaptad 01) Propoaed 

oPropossd No Furthsr Action 

Na Fui tk r  Action (WAI 

INFAI 

OShait Upland Shrubland 
0 Willow Riparian Shrubland 

Annual GreodForb Community 
BXaric Tallgrasa Praitie 
OPondemsa Woodland 
DRecleimed Mixed Grassland 
OMaaic Mixed arardand 

Soils Map 
ODenver-Kutch clay loam. 
ODanvar-Kutch-Midway 5 -  8% clay 

loam. 9 - 26% 

0 -  3% 
[7Fletirons cobbly candy loam. 

OHavureon OLeyden-Primen-S:andley loam. 0 - 3% cobbly 

nNodarlondvery cobbly randy 

ONunn clay loam, 0 - 2% 
Ownn clay loom, 2 - 5% 
0Pite. graval 
OValnrontclayloai,r,~ -3% 

clay loome, 15 -50% 

loam. 1 5 - 6 0 s  

Qmundwater Monitoring Wall 
N Water LOMI Contour 
h'baslred whale Inferred 
N Intctmediata Water Level Contoui 
G Dashed whore inferred 
h, Foundmtion Drain and Elevation 
OApprndmate extent of 

OAred without Qroundwatsr 
Unsaturated Area 

Elevation Data 

Figure TA-415 
Actinide Migration Evaluation 

Pathway Report 
South Interceptor Ditch 
(Pu-2391240 Analysis) 

EXPLANATlOU 
Walnut Cmek Basin Gaglng Station 
1QStOl 

W n u n  Ctssk Basin Ihging Sution A iswo27.0~421 
N Drainage Basin Boundarv 

Standard Map Featuraa 

Buildings and other structures 

Streams, ditches, or other 

Topographic Contour (20-Foot) 
Rocky Flats boundan/ 
Paved roads 

- b k e s  and ponds 

.- drainage features 

_ _  
- 
M T A  SOMCEBASf ITATURES: 

hildings, tancat. hydrography. r o d #  and other 
structums from 1994 orrial I l ynwr  data 
captured by EGBG RSL. Lss Mrgrr. 
D i g a i d  Imm the oKhophoto~raph6 1/95 

tcontouml w e e  derived fmm dbital elevaion =pap,"gY mode IDEM1 data hy Morrison Knudson (MK) using 
ESH Arc TIN and LATTICE to procsss the DEM d o h  to 
crwta 5-loor comoum The DEM data wllp caprumd by 
the Ramom Senxthg Lab Lm Vag- IW 1994 Asrial 
W v e r a t  - f0 meter resoluTion DEM past-pmce~shg 
parfarmed by MK, Wnmr 1997. 

Surface Soil: 
An&tical Data fmm SWD as of October 1999. 
903 P d d a  from 903 Drum slorage Ama 
Characreriation Repart, Septambsr 1999. 
Kr@ddeta pmvidad by Je l l  Mvura /#stinghouse - 
Akin, 803-502-9 7471. 

AnslyticslDaa fmm SWDasof Octobsr2WO. 
Data Anahsis psrtormed by Wghr M e r  Enginaara 
l3OO94eO-1 TOOL 

Sediment 

Actinide IHSS daa  Sources: appmvsd hy Nick Demos ISSOC. 

303-966-46451. 

k t e :  The Sanitary Sewer end Storm Drain oystams 
EI tho d e  era i i l u d e d  on the Actiw IHSS 
list bur are not imludad on the map. Area 
i n v w c i g a t i ~ ~  win ha par formed to dammine 
which pornom of thera systcins wil luhimndy 
be o n  tho WFA lkt. 

l& ataion: 
$aulon map dura provided by Pn Env;toninantal 
Sarvicas Ecolo#gy Gmup 

No-: This mmp doas not show all Fdurdly 
dssipnarsd watlsnds. See the 133.5 sire 
w e d d  map papered by rhe U S  &my 
Carps of Engineart for dehaatod wetland 
f O 8 t U M  

Soils: 
SoiL dam fmm 7ha USSoil Comervation Sarvice. 
Uruertifad Golden A m  SailSurvoy - 1980. 

t 
Scala = 1 : 23671 

1 Inoh represeiite approxitiiately 1873 feet 
Z w  600 . n q o f r  

Stato Wsrm (;omdinam Prolnetlon 
Cobrado DAlum: Cenrrd NAD27 Zone 



in Surface Soil 
(miging Analysis) 

aO.01 < Result c = 0.05 

00.05 C Rosult < = 0.1 

00.1 C Reoult < = 0.5 

0 0 . 5  < Rcauk c = 1 .O 

01 .O < Reauk < = 5.0 

05.0 < Result < = 10.0 

010.0 c Result <= 100.0 

0 100.0 < Result < = 1000.0 

U-238 
Activity 

in Sediments 
0 Rosult < = 0.01 

00.01 C Result c = 0.05 

00.05 C Rcauk <= 0.1 

00.1 < Reauk < = 0.5 

0.5 < Roault < = 1 .O 

0 1 .O < Resuk < = 5.0 

0 5.0 < Result < = 10.0 

0 10.0 < Result c = 100.0 

100.0 < Ro6ult < = 1000.0 

OReouit > 1000.0 

Acqinidt: Sourus 
OActiva Actinids See 

'Onginel Procens Waete Line 

"Looation of Original Process 

I O M I  

Wade Linea which may have 
been removed. 

'Under Building Contamination 

'Acceptad a6 Propasad 

OPropaead No Further Action 

iuaci 

Na Further Action (NFAI 

INFA1 

OShoit Upland Shrubland 
OWillow Riparian Shrubland 

Annual Qrais'Forb Community 
@Xeric Tallgrass Praiiia 
OPondemea Woodland 
OReclaimod Mixad Gra6rland 
OMaoic Mixed Grasdand 
0 Savannah Shrubla nd 

ock, and Gravel Piles 

Soils Map 
UDenwr-Kutch clay loam. 

ODonwr-Kuteh-Midway clay 
OFlatironsoobbly loam, 8 - 25% candy loam. 

OHawrson loam, 0 - 3% 
OLayden-Primen-Standley cobbly 

clay loams. 15 - 50% 
ONodarland very cobbly sandy 

loam. 15-50s 
ONunn clay loam, 0 - 2% 
ONunn clay loam, 2 - 5% 
OPite. gravel 
Ovalmont clay toanr, o - 3% 

5 -  e% 

0 -  3% 

Qmundwater Monitoring Wall 
N Water Loval Contour 
$;Dashed wheie iniornd 
N Intermediate Wstar Lavcl Contour 

IV Foundation Dram and Elovation 
(7Approximatc entent of 

OAroa  without Qrcundwatar 
Unsaturated Area 

Elevation Oata 

I 
I 

Figure TA-5-18 

Actinide Migration Evaluation 
Pathway Report 

South Tnterceptor Ditch 
(U-238 h d y ~ i ~ )  

EXPLANATION 
Walnut Cmok Basin Gaging Sacion 

Wamrn Creak Basin Gaging Sutian 

n IOS10) 

A 1 5 ~ 0 2 7 ,  os421 

N Drdinago Basin 0ound.w 

Standard Map Features 

- Lakes and ponds 

- drainage features 

-- Topographic Contour (20-Foot) 
- Rocky Flats boundary 

Buildings and other structures 

Streams, ditches, or other 

Paved roads 
OATA SOURCE 6ASE FEATURES: 

Euildings, hncw. hHro#re&, roads and other 
6VUCtUrnS from 1994 earrall ly-awdata 
captured by EGBG RSL. l u  V'M. 
Di#itiZsd Imm the orthophorographa 7/95 

Icomoursl w e e  derived fmin digital clevarinn 
mod fDEMl data by Morriron Knudson (MK] usmg 
ESH An TIN end LATTICE to procass the DEM d a h  to 
create 5-foor como~~m. The DEM data WM csprumd by 
the Rnmora Sensing lab Ls Ugaq IVV 1994 Asrial 
Flyaver at - 10 meter resofution DEM post-pmcepsing 
parhrmed by MK. winter 1997. 

Amtytical Data from SWD as of October 1999. 
903 Pod dat4 from 903 Drum Slorage Arra 
Cherscrerhtbn &pari. Seprombei 1999. 
KtiQsddatapmvided by JetlMysr6 fUbstihghouse - 
Akin. 803-502-9 74 71. 

Anslyricwl Data fmm SWD as of Ootobor 2 #. 
1303-48017001. Data Anelvsm ptuformed by W h t  M t s r  Engineers 

T"polY 

Surface Soil: 

Sediment: 

Actinide Soursos: 
IHSS detu eppmwd by &k D m o a  ISSOC, 
303-96&4605J. 

Not= TheSanitary Sower andStorm Dramsystems 
a? the &e ore included on the Activa IHSS 
lisr but ere mr imludad on tho msp. h a  
inmstigetions will be peihnnod to determine 
which paninns of rhese spotems win uk imndy 
be on the NFA hit. 

ikgata?ion: 
Vegetarian map dma pmvided by P7l €mianinentill 
Services Ecology Gmup 

&re: This mwp doas not ahow all f i & r d &  
daaigneted wetlands. Sea the 1995 Site 
wetlands map Lvspared by the US. Amv 
Corps of Enginnersfor definaatod wetland 
f.rrursr. 

Soils: 
Snik data from rhe USSoil Canservnrbn Service. 
Uncertitkd Goldon Arne SoilSurwy - 1980. 

t 
1 Inch taprescutls Seals approxhiiatdy = 1 : 23671 1873 feet 

I R O f I  

Btato Yhw WdlMOD Proinction ' 
Colorado Dalum: ConltdZone NAD27 

i 





Figure TA-B-1 

Lctinide Migration Evaluation 
Pathway Report 

Uranium Usage and Potential 
Uranium Contamination 

in Buildings 

EXPLANATION 

[7 U-238 

0 u-235 and u-238 

0 U-233. U-235 and U-238 

N Original Process Waste Linso (OPWL) 

Standard Map Features 

Lakes and ponde 

- Strsame, ditches. or other 
drainage features 

Paved roads - - 
Dirt roads -.- 

-I- 
Scale = 1 : 7420 

1 inch represents approximately 618 font 

Stats Plane Coordinate Projection 
Colorado Cantral Zone 

Datum: NAD27 

U.S. Department of Energy 
Rocky Fiats Environmental Technology Site 

Pmpared by: Pmpared for: 

DynCorp 
T M m  am? 0.  T 8 C l 8 O L O O T  

MAP ID: mkc mapsluran bldq.am1 Decembar 28, Mo' 
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Figure TA-1-16 

Actinide Migration Evaluation 
Pathway Report 

Rocky Flats Vegetation Map 

LEGEND 
0 Riparian Woodland 

Leadplant Riparian Shrubland 
0 Wet Meadow/Marsh Ecotone 

Short Upland Shrubland 
0 Willow Riparian Shrubland 
0 Annual GrasslForb Community 

Xeric Tallgrass Prairie 
Ponderosa Woodland 
Reclaimed Mixed Grassland 
Mesic Mixed Grassland 
Savannah Shrubland 
Tall Upland Shrubland 

0 Short Marsh 
Xeric Needle and Thread Grass Prairie 
Short Grassland 
Disturbed and Developed Areas 
Open Water 
Riprap, Rock, and Gravel Piles 

Tree Plantings 
Tall Marsh 

Mudflats 

hsndmd Map FaaarrM 

Buildings and other structuras 

Lakes and ponds 
- Streams, ditches, or other 

drainage features 

Fences and other barriers 

Paved roads 
Dirt roads , 

.. ~ - 
-.. 

DATA SOURCE BdSE FEATURES: 
Vegaration map data provided by 
PTI Environmanrel Services 
Ecology Group 
Buildings. fencab, hydrography, roads and other 
structuras from 1994 aerial fly-over data 
captured by EGLG RSL, Le6 Vegas. 
Digilii'ed from :he orrhopho fographs. 1/95 

NOTES: 
Thin map doaa not ahow all Fodatally 
dsaignatsd wstlanda. Sso the 1995 Site 
wstlands map proparad by the U.S. Army 
Carp. of Engineers for dollnoatad wetland 
features. 

t 
Scale - 1 : 20240 

1 imh reprosants approximately 1687 feet 
2-0tI 

6 1 m  Phnscoordbra Rojmhtbn 
Cdaado central Zone 

Datum: NAD17 

U.6. O e p r v n n i  a1 Enrpv 

R d v F l . ~  Environmnd Trhnolmgy 6ilo 

mDcrolr+wm7 

+*r M!* 

DynCorp 
I". I.........*%... 



Figure TA-2-8 

Actinide Migration Evaluation 
Pathway Report 

in Surface Soils 
Kriging Analysis Isoplot (pCilg) 

Pu-2391240 Activity 

EXPLANATION 
Result < = 0.01 

0.01 < Result < = 0.05 

0.05 < Result < = 0.1 

0 0.1 < Result < = 0.5 

0 0.5 < Result < = 1.0 

0 1.0 < Result < = 5.0 

0 5.0 < Result < = 10.0 

0 10.0 < Result < = 100.0 

0 100.0 < Result < = 1000.0 

0 Result > 1000.0 

N Drainage Basin Boundary 

A Walnut Creek Basin Gaging Station 

A Woman Creek Basin Gaging Station 

(GS03, GS08. GSlO, G S l l  & SW093) 

(GSOl, GS31& SW027) 

t 
Scab = 1 :21330 

1 inch reprsaantsapproximatsly 1778 feet 

m C O r P  ........ -.a ..... m. 


